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1 General introduction
A key factor in the production of fish in commercial aquaculture is the improvement of the 
diets, not only to achieve optimal growth with minimal waste, but also as a source of 
essential components, minerals, vitamins, amino acids, proteins and lipids that contribute to
[1] fish health. Evidence is accumulating that the dietary composition, particularly the lipid 
content, can have a direct effect on the fitness of the fish as interactions exist between certain 
fatty acids and the release of hormones, including those involved in the stress response and 
osmoregulation. This motivated a more detailed study into the effects of fatty acids, in 
particular the polyunsaturated fatty acid arachidonic acid, in the diet on the stress response 
and osmoregulatory processes, the results of which are described in this thesis.
1.1 Fatty acids
Fatty acids, either from dietary sources or formed endogenously, fulfil several major 
physiological roles. They can be stored as triacylglycerols (or triglycerides) in adipose tissues 
and yield energy when degraded via the process of |3-oxidation. They can also be esterified 
into phospholipids and glycolipids, which are important structural components of 
biomembranes. Alternatively, in some species 18 carbon polyunsaturated fatty acids (PUFA) 
can be elongated and desaturated into long chain 20 and 22 carbon PUFA, which then can be 
converted into biologically active metabolites called eicosanoids (Stryer, 1995).
Animals, including fish, are unable to synthesize the fatty acids linoleic acid (LA, 
18:2n-6)1 and a-linolenic acid (a-LNA, 18:3n-3) de novo and therefore rely on dietary sources 
for these essential fatty acids. By using elongation and desaturation enzyme systems LA is 
converted into arachidonic acid (ArA, 20:4n-6), while a-LNA is converted into 
eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3). However, 
LA and a-LNA compete for the same enzymes with the result that a relative excess in LA 
will promote the formation of ArA at the expense of EPA and DHA formation (figure 1). 
Similarly, a relative excess in a-LNA leads to the higher production of EPA and DHA over 
ArA (Bell et al., 1995a, b). The importance of long chain PUFA for normal growth and 
survival of fish larvae has been well established. DHA, in particular, and EPA are essential 
for the structural integrity of cell membranes. Moreover, DHA is crucial for the 
morphological development and functioning of the eye as well as contributing to normal 
pigmentation in fish larvae (Kanazawa, 1993; Watanabe, 1993; Sargent, 1995; Bell et al., 
1995c).
A distinction has been made between freshwater fish species and marine species based 
on their (in)ability to convert LA and a-LNA into longer chain PUFA (Brett and Müller­
Navarra, 1997; Sargent et al., 1997; Tocher et al., 2002; Bell and Sargent, 2003). Marine species 
such as turbot (Scophthalmus maximus) and gilthead seabream (Sparus aurata) have a low
1 Generally used formula for fatty acids; in this case it denotes an 18-carbon fatty acid with 2 double 
bonds, of which the first is located at the 6th carbon from the methyl end of the chain.
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expression of C18-C20 elongase and A5-desaturase, respectively, enzymes that are required 
for the conversion of LA into ArA, as well as of a-LNA into EPA. In addition, the rate of 
elongation of EPA into DHA2 appears to be too low to sustain the high requirement for 
DHA, particularly during larval development. Therefore, these marine species rely on 
dietary sources to fulfil their requirements for ArA, EPA, and DHA (Linares and Henderson, 
1991; Mourente and Tocher, 1994; Bell et al., 1995b; Sargent et al., 1997; Tocher and Ghioni, 
1999; figure 1). In contrast, almost all the freshwater fish studied until now have sufficient 
active A5-desaturase and they therefore only have a dietary requirement for the C18 
precursors. Freshwater (and anadromous) fish that have been investigated in detail include 
tilapia (Oreochromis niloticus), carp (Cyprinus carpio), zebrafish (Danio rerio), white sturgeon 
(Acipenser transmontanus), rainbow trout (Oncorhynchus mykiss), chum salmon (Oncorhynchus 
keta), and Atlantic salmon (Salmo salar; Castell et al., 1972; Olsen et al., 1990; Bell and Sargent, 
1992; Xu et al., 1996; Mourente and Tocher, 1998; Tocher and Dick, 1999; Tocher and Dick, 
2000; Tocher et al., 2000; Tocher et al., 2002).
A closer look at the available data suggests that the dependence on a dietary input of 
EPA, DHA, and ArA reflects more the evolutionary pressure of the dietary fatty acid 
compositions of their natural diet rather than the freshwater or marine origin of the species 
per se. The low desaturase and elongase activity of the marine species studied so far 
apparently evolved as a consequence of the high prevalence of these PUFA in their natural 
piscivorous diet, containing large amounts of DHA, EPA, and ArA (Sargent, 1995; Bell, 1998). 
This is supported by the observation that pike (Esox lucius), a strict piscivorous freshwater 
species, is also unable to desaturate and elongate the C18 precursor to DHA (Henderson et 
al., 1995). However, this rule does not always hold, as a comparison of a vegetarian and a 
carnivorous species of piranha (Mylossoma aureum and Pygocentrus (Serrasalmus) nattererei, 
respectively) revealed that both species were capable of desaturating and elongating 18:2n-6 
and 18:3n-3 (Henderson, 1996).
Commercial fish diets, with substantial amounts of fish oil of species such as capelin 
(Mallotus villosus) and anchovy (spec.), contain sufficient PUFA to sustain the dietary 
requirements of juvenile and adult fish (Bell, 1998). On the other hand, in the large-scale 
production of fish larvae there is a heavy dependence on feeding live zooplankters such as 
rotifers (Brachionus spec.) and brine shrimp (Artemia salina) for which protocols for their 
culture are well documented. These live prey are not the natural food source of marine fish 
larvae and do not contain adequate amounts and/or optimal ratios of PUFA to fulfil the 
dietary requirements of rapidly developing larvae (Robin, 1995; Rainuzzo et al., 1997; 
Sargent et al., 1997; Planas and Cunha, 1999; Izquierdo et al., 2000).
It has become common practice to enrich these filter feeders with PUFA-rich lipid 
emulsions and whole cell preparations of unicellular algae and eukaryotes, a technique also
2 The conversion of EPA into DHA is a 3-step process, involving elongation and A6-desaturation, 
followed by peroxisomal chain shortening (Henderson, 1996).
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called 'bio-encapsulation' (Sargent et al., 1997; Sorgeloos et al., 2001; Bell et al., 2003). In 
addition, studies are being conducted to replace Artemia and rotifers by artificial microdiets, 
which can be more reliably produced and can be easily modified to meet specific dietary 
requirements. Regardless of the practical problems involving the production of such 
formulated microdiets, it is evident that the knowledge of the exact formulation of the diet 
regarding essential compounds is crucial (Koven et al., 2001b). Understanding the fatty acid 
requirements during embryonic and larval development is particularly relevant, since the 
production of good quality fry is still a central bottleneck in commercial aquaculture (Planas 
and Cunha, 1999; Shields, 2001).
1.2 ArA and eicosanoids
The fatty acid ArA only forms a relatively small percentage of the lipids of fish tissues, 
compared to DHA and EPA. Nevertheless, marine fish, in particular, have a small but 
essential requirement for this fatty acid (Castell et al., 1994; Bell et al., 1995a; Estevez et al., 
1999; Bessonart et al., 1999; Koven et al., 2001a). The contribution of ArA to the structural 
integrity of cell membranes is limited, while it is heavily involved in a broad variety of 
physiological processes after conversion into a broad range of metabolites known as 
eicosanoids, as will be explained below.
ArA, whether synthesized from shorter carbon chain precursors or originating from 
the diet, is readily incorporated into cell membrane phospholipids, especially 
phosphatidylinositol. ArA can then be released into the intracellular medium through 
phospholipid hydrolysis by phospholipase A2 (PLA2), phospholipase C (PLC), or 
phospholipase D (PLD). PLA2 is considered the most relevant enzyme in this process, as it 
directly releases ArA from the phospholipids, while PLC and PLD generate lipid products 
containing ArA (diglyceride and phosphatidic acid, respectively), from which ArA can be 
subsequently released by lipases (Axelrod et al., 1988; Exton, 1997; Ribardo et al., 2001). This 
release of ArA can be induced within 5 to 60 seconds by stress-related signals such as 
ischemia, anoxia, certain neurotransmitters, excitatory amino acids, serotonin, histamine, 
bradykinin, and adrenalin (Girard et al., 1977; Axelrod et al., 1988; Smith, 1989; Buschbeck et 
al., 1999).
Once released, ArA can be reincorporated into phospholipids, diffuse outside the cell, 
or be metabolized into the highly biologically active eicosanoids, which are involved in a 
wide variety of physiological processes in fish, including respiratory and cardiovascular 
output (McKenzie, 2001), ovulation and spawning behaviour, oocyte maturation, nervous 
system function, osmoregulation (Mustafa and Srivastava, 1989), and immune functions 
(Kuehl and Egan, 1980; Rowley et al., 1995; Montero et al., 1998; Secombes et al., 2001; Funk, 
2001). They further modulate the release of several hormones, such as thyroid hormones and 
prolactin (Lands, 1991; Beckman and Mustafa, 1992). ArA can be metabolized via (1) the 
cyclooxygenase (COX) pathway into prostaglandins (PGD2, PGE2, PGF2a, PGI2) and
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thromboxanes (TXA2), (2) by lipoxygenases into leukotrienes, hydroperoxyeicosatetraenoic 
acids (HPETEs), and hydroxyeicosatetraenoic acids (HETEs), and (3) by epoxygenases 
(cytochrome P450) into epoxyeicosatraenoic acids (EETs; Smith, 1989; Ziboh et al., 2000;
Tapiero et al., 2002; figures 1 and 2). Two types of COX enzymes have been identified in 
mammals. While the so-called COX-1 subtype is constitutively transcribed, the COX-2 [1] 
expression is induced by various stimuli and is predominantly involved in inflammation and 
other pathophysiological processes (Lands, 1991; Tanabe and Tohnai, 2002; see also figure 3).
In fish two COX isoforms with similarly distinct expressions have been characterized, 
suggesting the existence of two COX pathways comparable to those found in mammals (Zou 
et al., 1999; Roberts et al., 2000; Yang et al., 2002).
1.3 ArA and the stress response
Castell et al. (1972) were among the first to describe that the fatty acid composition of the diet 
could influence the stress resistance of fish. Rainbow trout (Oncorhynchus mykiss) became 
hypersensitive to disturbance when they were fed a linolenic acid deficient diet for several 
weeks or more and displayed what was described as a 'fainting' or 'shock syndrome'. This 
was characterized by fish being immobilized for 30 seconds to 6 minutes, though this could 
be prevented by feeding 0.5% or more linolenic acid. Bell et al. (1991) described the 
occurrence of a similar syndrome in salmon (Salmo salar) fed a diet rich in linoleic acid (18:2n- 
6) for several months and, in addition, reported the occurrence of heart lesions. It appears 
that these fish suffered from the shock syndrome when they were fed diets lacking sufficient 
amounts of n-3 fatty acids to compensate for the relatively high levels of n-6 PUFA. 
Although ArA is thought to be the preferred precursor for eicosanoid synthesis, EPA 
competes for the same enzymes forming metabolites that are less potent. Hence the main 
function of EPA is often considered as regulation of the production of ArA-derived 
eicosanoids (Anderson et al., 1981; Henderson et al., 1985). Therefore, eicosanoid production 
is determined by the ratio of tissue EPA/ArA, which is largely a function of the dietary intake 
ratio of n-3/n-6 PUFA (Lands, 1991; Bell et al., 1995a, b).
In teleost fish the perception of acute stressors stimulates the hypothalamic- 
sympathetic-chromaffin cell (HPC) axis, resulting in the immediate release of the 
catecholamines adrenaline and noradrenaline. The chromaffin cells are located in the 
headkidney and are innervated by sympathetic nerves connected to the brain. Although a 
wide range of stressors, including acidosis, air exposure, exercise, and handling can induce 
this response, the immediate stimulus is the incidence of hypoxemia, and catecholamines are 
rapidly released when the haemoglobin-O2 saturation level drops below 50% (Perry and 
Bernier, 1999). The circulating catecholamines subsequently increase the oxygen uptake by 
stimulating the branchial blood flow and oxygen diffusing capacity, thereby enhancing the 
blood oxygen transport capacity.
[Continued on page 13]
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Figure 1. Generalized scheme of PUFA metabolism from the precursors oleic acid and linoleic acid and the 
conversion into eicosanoids. Adapted from Tapiero et al. (2002), Smith (1989), and Ziboh et al. (2000).
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via lipoxygenases, and into epoxyeicosatetrienoic acids (EETs or epoxides) via cytochrome P450 or 
epoxygenases. Adapted from Smith (1989).
Catecholamines also promote the availability of energy by increasing hepatic glycogenolysis 
and decreasing glycogenesis. This results in a rapid elevation of plasma glucose levels and, 
when the oxygen supply is insufficient for the complete oxidation of the glucose, in the 
accumulation of lactate (Barton and Iwama, 1991; Wendelaar Bonga, 1997; Fabbri et al., 1998). 
In addition to a decrease of the vascular resistance and an increase of the respiratory surface 
area of the gills, the catecholamines cause an increase of the passive diffusion of water and 
ions. This may compromise the osmotic and ionic balance of the fish, a process that is further 
stimulated by an increase in the permeability of the tight-junctions that control the diffusion 
of ions via the paracellular pathway of the branchial epithelium (McCormick, 1995).
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In mammals adrenaline and noradrenaline are released from cells in the medulla of the 
adrenal gland and this release is initiated by the hypothalamic-sympathetic-adrenal axis, 
similar to the HPC-axis in fish. A second source of noradrenaline is its release from 
sympathetic neurons of the autonomic nervous system. ArA release by phospholipase A2 
from membrane phospholipids appears to play a central role in the release of catecholamines 
in mammals. When ArA was converted by the COX-pathway, a dual mechanism was 
observed, where PGE2 stimulated the release of noradrenaline from the central sympathetic 
nerves and thromboxane A2 was involved in the release of catecholamines from the 
adrenomedullary cells in rats (Okada et al., 2000; Yokotani et al., 2000; Yokotani et al., 2001). 
However, in teleosts the noradrenaline overflow from sympathetic nerves is almost non­
existent and the chromaffin cells located in the headkidneys are the main source of 
adrenaline and noradrenaline in the blood (Wendelaar Bonga, 1997). This suggests that the 
involvement of ArA in the release of catecholamines in these fish is limited.
The rapid sympathetic response is followed by a slightly slower hormonal release from 
the hypothalamus-pituitary-interrenal (HPI) axis, which is the fish equivalent of the 
mammalian hypothalamus-pituitary-adrenal (HPA) axis. Sensory neurons transmit 
information to the hypothalamus, which in turn stimulates the pituitary gland by the release 
of corticotropin releasing hormone (CRH). The pituitary then releases hormones that activate 
the interrenal cells (located in the headkidney), facilitating the release of corticosteroids. 
While in mammals adrenocorticotropic hormone (ACTH) is the major pituitary hormone 
that facilitates the release of corticosteroids, in teleosts a-melanocyte-stimulating hormone 
(a-MSH) and |3-endorphin can be equally important factors. Cortisol is the main 
corticosteroid produced and is rapidly synthesized in response to stressors (Barton and 
Iwama, 1991; Wendelaar Bonga, 1997). Cortisol restores the energy reserves in the liver by 
enhancing gluconeogenesis, counteracts the osmoregulatory imbalance, and prevents a 
strong inflammatory reaction. Nevertheless, chronically elevated cortisol levels can become 
detrimental and result in decreased growth rates, inhibit reproduction, and increase disease 
susceptibility by suppressing the immune system, resulting in secondary infections and 
mortality (Barton and Iwama, 1991; Wendelaar Bonga, 1997; Vijayan et al., 1997). The MSH, 
ACTH and cortisol-producing cells involved in the HPI axis appear already at an early stage 
of the larval development (Power and Canario, 1992; Grassi Milano et al., 1997; Villaplana et 
al., 2002).
Eicosanoids have been found to interfere with the HPA axis in mammals at every level. 
Prostaglandins can alter the release of hypothalamic CRH (Hockings et al., 1993; Nye et al., 
1997), can modify the CRH-induced release of ACTH from the pituitary gland (Cavagnini et 
al., 1979; Zacharieva et al., 1992), and can alter the ACTH-stimulated steroidogenesis in the 
adrenal cortex (Cavagnini et al., 1979; Winter et al., 1990; Wang et al., 2000). Lipoxygenase 
and epoxygenase products have also been found to stimulate the pituitary release of ACTH 
(Abou-Samra et al., 1986; Stone et al., 1989; Cowell et al., 1991; Won and Orth, 1994). There is 
some evidence that ArA might play a similar role in fish and change the release of cortisol,
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although the actual mechanisms have not been investigated yet (see for instance Gupta et al., 
1985; Harel et al., 2001).
Steroidogenesis is regulated by protein kinase A (PKA) and protein kinase C (PKC). 
These operate antagonistically, with PKC as the inhibitory agent. Activation of PKA 
enhanced cortisol synthesis in the interrenal cells of rainbow trout (Oncorhynchus mykiss), 
while PKC activation inhibited steroidogenesis (Planas et al., 1997; Lacroix and Hontela, 
2001). PKA is activated by the intracellular second messenger cAMP, whereas PKC is 
activated by an increase in intracellular levels of Ca2+, which in turn is mediated by the 
second messengers diacylglycerol (DAG) and inositol triphosphate (IP3; Lopez-Ruiz et al., 
1992). The second messenger cAMP is released after activation of the adenylate cyclase part 
of a receptor-linked G-protein (guanine nucleotide regulatory proteins), whereas DAG and 
IP3 are released by hormone-induced activation of phospholipase C (Cooke, 1999). A 
summary of the regulation of steroidogenesis is presented in Box 1.1.
ArA and the eicosanoids have been shown to alter the synthesis of corticosteroids (1) 
directly or (2) by interfering with the intracellular signalling pathways controlling the PKA 
and PKC activity in mammals (Lopez-Ruiz et al., 1992; Kallen et al., 1998). McPhail et al., 
(1984) demonstrated that submaximal concentrations of free ArA directly enhanced the 
affinity of PKC for Ca2+ and stimulated the activity of PKC, while higher concentrations 
inhibited the PKC activity. ArA can also act as a first messenger and stimulate phospholipase 
C activity, which releases the second messengers DAG and IP3 (Axelrod et al., 1988). In 
addition, ArA and several of its metabolites (LTs, PGE2, lipoxin A) can elevate cytosolic Ca2+ 
independently of IP3 formation. Prostaglandins can enhance cAMP levels by affecting the G- 
proteins that stimulate the adenylate cyclase activity (Naor, 1991; Cooke, 1999). Moreover, 
lipoxygenase and epoxygenase metabolites can affect steroidogenesis in adrenal cells, but the 
pathways have not been fully elucidated (Hirai et al., 1985; Jones et al., 1987; Naor, 1991; 
Cooke, 1999; Wang et al., 2000; Yamazaki et al., 2001). Besides affecting the synthesis of 
corticosteroids, ArA and other PUFA can change the impact of released steroids on the target 
organs. By acting as ligands, they can change, either negatively or positively, the binding of 
steroid hormones to their specific intracellular receptors via a non-competitive 
conformational change in the glucocorticoid receptor molecules (Kato et al., 1987; Vallette et 
al., 1991; Lee and Struve, 1992). Alternatively, ArA can co-regulate the gene expression in 
target organs regulated by glucocorticoids by directly modifying mRNA transcription, by 
changing the DNA binding capacity, or by changing the intrinsic redox state of the cell, 
which regulates the transcription factor activation (Sumida, 1995; Wahle et al., 2003). Finally, 
glucocorticoids can suppress the COX-2 mRNA expression either directly or by modifying 
the COX-2 mRNA stability and this functions as a feedback mechanism on the inducible 
COX pathway (Morita, 2002).
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[1]
Figure 3. This schematic representation, reproduced from Funk (2001), illustrates the complexity of 
prostaglandin synthesis and the effects they can have on a wide range of functions.
1.4 Aims and outline of this thesis
Despite the range of available literature on the functions of PUFA and eicosanoids in 
mammals, there is relatively little knowledge on their functions in fish. This thesis aims to 
clarify the role played by arachidonic acid and its metabolites in fish, particularly in relation 
to the stress response. When taking into account the evidence presented here it seems likely 
that the stress response is more dependent on the dietary fatty acids than previously 
assumed. From a practical point of view this is interesting, as intensive fish farming is almost 
inevitably stressful for the fish at certain stages (Barton and Iwama, 1991). Secondly, the 
recent development in aquaculture to replace fish oils with vegetable oils as a source of 
lipids in fish feeds will also change the fatty acid composition provided. Hence, it is essential 
for the production of healthy fish to know the consequences of suboptimal dietary levels of 
specific fatty acids.
In chapter 2, increasing levels of dietary ArA were fed to metamorphosing and post-
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metamorphosing larvae of gilthead seabream larvae (Sparus aurata), a species with a dietary 
requirement for ArA. They were then exposed to a daily fluctuating salinity to induce 
chronic osmotic stress and the impact on growth, survival, and end-point concentrations of 
cortisol were determined.
Chapter 3 describes the influence of dietary ArA on the cortisol response to air 
exposure of different age gilthead seabream larvae. In addition, the cortisol and Na+, K+- 
ATPase responses were determined after a rapid (1 h) decrease in the ambient salinity.
In chapter 4 the use of acetylsalicylic acid (ASA) was studied in a model species, 
freshwater Mozambique tilapia (Oreochromis mossambicus). ASA is a specific inhibitor of the 
COX-pathway that converts ArA into prostaglandins. Feeding ASA to these fish provided 
insight into the role played by prostaglandins in the stress response.
Mozambique tilapia is able to fulfil its dietary requirement for ArA via desaturation 
and elongation of LA. Chapter 5 describes the effect of an ArA-supplemented diet on the 
stress response and osmoregulation of tilapia. Additionally, we tested whether it was 
possible to counteract the ArA supplementation with ASA treatment, which would indicate 
that the effects were mediated by an increase in prostaglandin production.
In chapter 6, the tilapia were adapted to seawater prior to supplementation with ArA. 
This was in order to test the hypothesis that ArA supplementation enhanced the 
osmoregulatory capacity, which would facilitate tilapia to maintain its osmotic balance after 
acute stress. Secondly, it clarified whether the observed effects of ArA in tilapia were species- 
dependent or were the consequence of the ambient salinity.
In chapter 7, ASA was used to study the effects of ArA supplementation on gilthead 
seabream. Similar to the experiments with tilapia, seabream were fed an ArA-supplemented 
diet, after which they were fed ASA to determine the involvement of prostaglandins in the 
stress response and osmoregulation.
In chapter 8 the findings are summarized and discussed in a general context.
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Box 1.1 The pathway of steroid synthesis
Steroid hormone synthesis depends on the conversion of cholesterol by the 'side chain cleavage' 
enzyme P450scc into pregnenolone, which is the precursor to cortisol and other steroids (Omura 
and Morohashi, 1995). When ACTH binds to receptors in steroidogenic cells it promotes the 
expression of the genes encoding for the P450 enzymes involved in steroidogenesis (Schimmer, 
1995). However, the translocation of cholesterol from the outer membranes of the mitochondria 
to the inner membrane where the P450 enzymes are located is often considered the actual rate- 
limiting step in the acute control of steroidogenesis (Kallen et al., 1998). The cholesterol 
translocation is facilitated by a protein identified as the steroidogenic acute regulatory protein 
(StAR; Clark et al., 1994). StAR homologues have been identified in non-mammalian 
vertebrates, including fish, and its structure and expression are conserved within vertebrates 
(Bauer et al., 2000). Phosphorylation of StAR by protein kinase A (PKA) or PKC can change its 
biological activity permitting rapid changes in StAR function and thus in steroidogenesis 
(Arakane et al., 1997; Kallen et al., 1998). In addition, activation of PKC appears to function as a 
feedback mechanism, as PKC can inhibit StAR mRNA production, whereas activation of the 
PKA stimulates StAR mRNA accumulation (Lacroix and Hontela, 2001). PKA and PKC are 
activated by several second messenger pathways, the adenylate cyclase pathway results in cAMP 
formation from ATP, and the phosphoinositide cascade results in the formation of the second 
messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG; Axelrod et al., 1988; Naor, 
1991; Cooke, 1999). An overview of the pathways involved in steroid synthesis is given below:
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Abstract The effect of dietary arachidonic acid (20:4n-6, ArA) on survival, growth, 
and cortisol level in gilthead seabream (Sparus aurata) larvae of different age exposed to 
handling or daily fluctuating salinity was determined. Pre-metamorphosing (3-19 DPH) 
larvae were reared and fed on rotifers enriched with different levels of ArA. At 20 DPH, the 
larvae were transferred to aquaria, which was defined as an acute stressor. After transfer the 
larvae were raised on Artemia metanauplii enriched with increasing ArA levels. One set of 
aquaria with constant salinity (25 V )  seawater functioned as controls, while in another set 
the salinity fluctuated from 25 V  to 40 V  and back to 25 V  on a daily basis. A similar trial 
was carried out with 30-DPH metamorphosing larvae. A positive correlation was found 
between increasing dietary ArA level and survival at the end of the study in the control pre­
metamorphosing and metamorphosing larvae. In combination with fluctuating salinity, the 
intermediate level of ArA improved survival, while at the highest ArA-level survival 
decreased. In the control metamorphosing larvae, basal cortisol levels were independent of 
dietary ArA, while larvae exposed to salinity change demonstrated distinctly higher basal 
cortisol levels, which increased even further with rising dietary ArA levels. SGRs decreased 
in larvae exposed to salinity change, while the SGRs in the control larvae were generally 
stable. The results showed that dietary ArA promoted survival in fish experiencing only 
handling stress. In contrast, repetitive salinity change altered the nature of the stress 
response where dietary ArA appeared to up-regulate cortisol synthesis coinciding with 
reduced growth and increased mortality.
Introduction
A number of studies have reported that dietary arachidonic acid (ArA, 20:4n-6) improves 
fish survival as well as growth (Castell et al., 1994; Bessonart et al., 1999), provided that it is 
offered together with suitable levels of other essential fatty acids such as eicosapentaenoic 
acid (EPA, 20:5n-3) and, in particular, docosahexaenoic acid (DHA, 22:6n-3; Bessonart et al., 
1999). Koven et al. (2001a) showed that dietary ArA fed to gilthead seabream (Sparus aurata) 
larvae from 3 to 19 days post-hatching (DPH) clearly improved survival following the acute 
stress caused by tank transfer. Moreover, feeding ArA prior to handling was much more 
effective in improving survival compared to feeding this fatty acid following this stress 
event. This suggested that the larvae previously fed ArA had an advantage in their pre­
existing store of tissue ArA. ArA is readily incorporated into cell membrane phospholipids 
and will be released in response to proteolytic and hormonal stimuli by activated membrane 
enzyme phospholipases, primarily PLA2 . This release is immediately followed by (cell- and 
tissue-dependent) enzymatic conversion into a broad range of highly biologically active 
metabolites, collectively known as eicosanoids, via cyclooxygenase (COX) pathways into 
prostaglandins and thromboxanes, into leukotrienes and hydroxyeicosatetraenoic acids 
(HETEs) by lipoxygenase, and into epoxyeicosatetraenoic acids (EETs) by epoxygenase 
(Lands, 1991).
These paracrine and/or endocrine hormones participate in cellular regulation, hormone 
release, osmoregulation, and organ function in fish (Mustafa and Srivastava, 1989). 
Moreover, PGE2 derived from ArA has been shown to modulate the sensitivity of the
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hypothalamus-pituitary-adrenal (HPA) axis, which is responsible for the release of cortisol in 
response to stress in mammals (Lands, 1991; Hockings et al., 1993; Nye et al., 1997), and 
possibly also in the homologous hypothalamus-pituitary-interrenal (HPI) axis in fish (Gupta 
et al., 1985). Cortisol, apart from being involved in the catabolism of energy-yielding 
substrates, promotes the differentiation of chloride cells, the main ion-transporting cells of 
the gills, and increases the specific activity of ion-transporting enzymes, in particular Na+, K+- 
ATPase in gills, intestines, and kidneys. This contributes to restoration of the hydromineral 
balance, which is impaired by the earlier release of catecholamines. In addition, cortisol 
reduces the immune response, preventing detrimental inflammation. Overall, the release of [2] 
cortisol can be considered as an adaptive mechanism to enhance survival by enabling a 
strong energy-demanding response, while maintaining homeostasis (Wendelaar Bonga,
1997).
On the other hand, intensively cultured fish can be exposed to stressors that may be 
chronic in nature, such as the presence of pollutants or environmental changes in water 
temperature and salinity. Chronic stress can also occur during certain periods of 
development such as metamorphosis, where there are profound morphological and 
physiological changes taking place (Tanaka et al., 1995). In these cases, there is no escape and 
the classical stress response may actually be maladaptive (Pickering, 1992). This is because 
chronic stress can be associated with reduced growth and impaired gonadal development, 
and can lead to high mortality as it causes decreases in circulating lymphocytes and a 
reduction in their immunocompetence (Barton and Iwama, 1991). The question then arises as 
to whether the effect of dietary ArA on the larva's stress response is connected to cortisol 
regulation and whether this effect differs with developmental stage and/or the type of stress 
(acute or chronic). Consequently, a study was carried out to investigate the effect of dietary 
ArA on survival, growth, and cortisol level in pre-metamorphosing and metamorphosing 
seabream larvae experiencing acute stress caused by handling and/or chronic stress due to a 
daily fluctuating salinity.
Methods and materials
The effect of dietary ArA  on pre-metamorphosing (20-32 DPH) larvae. Gilthead seabream (S. 
aurata) eggs from locally maintained brood stock were stocked (100 eggs/l) in twenty-four 
400-l conical V-tanks supplied with continuously filtered (10 |om), UV-treated seawater 
(25 V ) at a flow rate of one tank exchange per day. After larval eye pigmentation and mouth 
opening, three rotifer treatments were fed to larvae from 3 to 19 DPH in replicates of eight 
tanks per treatment based on routine rearing procedures for gilthead seabream (Tandler et 
al., 1987). The control treatment rotifers (0 ArA) were fed dried, heterotrophic, whole algal 
cell (Crypthecodinium sp.) preparation (AquaGrowTM-advantage; Martek Biosciences) that is 
high in the essential long-chain polyunsaturated fatty acid DHA (43.8% of total fatty acids), 
but deficient in ArA and EPA. The other rotifer treatments consisted of replacing 12.5% (12.5
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ArA) and 25% (25 ArA) of this high DHA enrichment preparation with an algal meal 
(Crypthecodinium sp.) and fungal oil (Mortierella alpina) preparation (AquaGrowTM-AA; 
Martek Biosciences), which has elevated levels of ArA (37.6% of total fatty acids) and minor 
levels of DHA (2.4%), but no EPA. Prior to feeding the rotifers these experimental 
preparations, they were enriched on the EPA-rich algae Nannochloropsis sp. for 18 h  at a 
concentration of 30 x 106 cells/ml. The treatment preparations were fed (200 mg/l) to rotifers 
stocked (500,000 rotifers/l) in 700-l enrichment V-tanks, containing well aerated (> 5.0 mg/l 
O2), 28 oC, filtered (10 ^m), and UV-treated seawater (25 V )  in two equal rations over the 8-h
[2] enrichment period. At the end of enrichment, the rotifers were washed well with fresh 
seawater, and the surviving rotifers were counted. This resulted in rotifers with three levels 
of ArA (1.14, 2.11, and 3.87 mg/g dry weight) and, consequently, with different DHA/ArA 
(3.7, 1.09, and 0.68) and ArA/EPA (0.33, 0.61, and 1.43) ratios, which are listed in table 1A.
At 20 DPH, similar-sized larvae from the V-tanks were sampled for dry weight 
(average of 50 individually weighed larvae per tank) and divided into two groups. Each 
larval group was randomly divided over twelve 27-l aquaria (300 larvae per aquarium) and 
transfer was defined as an acute stressor. In each set of 12 aquaria, the larvae were fed three 
Artemia metanauplii treatments (1-2 metanauplii/ml) for 12 days. These treatments were 
previously enriched on the identical treatment preparations that were fed to rotifers (0 ArA, 
12.5 ArA, and 25 ArA) and were tested in replicates of four aquaria per treatment. Instar II 
nauplii were stocked (300,000/l) in 700-l V-tanks containing well aerated (> 5.0 mg/l O2), 28 
°C, filtered (10 ^m), and UV-treated seawater (25V) and enriched over 16 h  on their 
respective treatments (0.6 g/l) in two equal rations. As in the rotifers, the metanauplii were 
washed well in fresh seawater and their survival was calculated so that all aquaria would 
receive equal numbers of live enriched nauplii. The Artemia treatments and their three levels 
of ArA (0.59, 3.42, and 5.86 mg/g dry weight) as well as their different DHA/ArA (4.42, 0.57, 
and 0.27) and ArA/EPA (0.20, 1.60, and 3.34) ratios are listed in table 1B.
One set of 12 aquaria received filtered, UV-treated, seawater of constant salinity (25 V ). 
These larvae only experienced the stress caused by handling and transfer to the aquaria and 
they were considered the control. The other set of 12 aquaria was supplied with filtered and 
UV-treated seawater, but with a daily fluctuating salinity over 24 h, from 25V  to 40V  and 
back to 25V , exposing the larvae to both the initial stressor of transfer and 12 days of 
repetitive salinity change.
The effect of dietary A rA  on metamorphosing (29-42 DPH) larvae. The remaining larvae in 
the conical V-tanks that were not transferred to the aquaria were fed the 0 ArA, 12.5 ArA, 
and 25 ArA Artemia nauplii treatments until 30 DPH. At this age, the fish were sampled for 
dry weight determination (average of 50 individually weighed larvae per aquaria) and, 
similarly to the 20-DPH larvae, divided into two groups where similar-sized larvae from 
each group were transferred to a set of twelve 27-l aquaria (250 larvae per aquarium) and fed 
the enriched Artemia treatments (2-5 metanauplii/ml) in replicates of four aquaria per
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treatment. As in the pre-metamorphosing trial, larvae in one set of aquaria were the controls 
and maintained at constant water salinity, while larvae in the second set were exposed to 
daily salinity change during the 12 days of the experiment.
Determination of specific growth rate (SGR), fa tty acid composition, and whole-body cortisol. In 
both feeding trials, the aquaria were carefully cleaned each day and dead larvae were 
removed. Surviving larvae were counted at the end of the study and sampled for dry weight 
determination (average of 50 individually weighed larvae per aquaria), lipid analysis, and 
fatty acid analysis (< 50 larvae per aquaria). Due to insufficient numbers of surviving 32- 
DPH pre-metamorphosing larvae, samples for cortisol RIA were taken only from the [2] 
metamorphosing 42-DPH post-larvae. The average larval dry weight per treatment was 
determined by washing the sample from each of the aquaria, first with fresh water and then 
distilled water. The larvae were weighed (Sartorius BP 210S; ± 0.1 mg) after oven drying for 
48 h  at 60 oC. The specific growth rate (SGR) was calculated using the following formula:
ln m eanD W tf -  ln m eanD W t0
SGR = --------—----- f --------------------- x 100,
^  days in aquaria
where D W  is the dry weight of the larvae, to is the time of transfer and tf is the time at the end 
of the experiment in the aquaria.
Rotifer, Artemia, and larval samples for fatty acid analysis were lyophilized and then 
lipid was extracted (Folch et al., 1957). Total lipid levels were determined gravimetrically 
(Sartorius BP 210S; ± 0.1 mg). The lipid samples were transmethylated to their corresponding 
fatty acid methyl esters (FAMEs) by acidified methylation overnight at 50 °C in 1% H2SO4 in 
methanol (v/v). After purification on 20 x 20-cm TLC plates pre-coated with silica gel (G60,
Merck) using the solvent system hexane/diethyl ether (1:1, v/v), the resulting FAMEs were 
concentrated in hexane (2 mg FAME/ml hexane). The samples were injected onto an on- 
column Chrompack CP9001 gas chromatograph equipped with a Chrompack WCOT fused 
silica 30 M x 0.32 mm capillary column that used hydrogen as a carrier gas. FAMEs were 
identified by known purified standards and quantified using a response factor to an internal 
nonadecanoic acid standard (19:0; Sigma-Aldrich). The temperature of column was raised 
from 50-180 at 30 °C/min, from 180-225 at 3 °C/min, with a final hold at 225 °C for 13 min.
Whole-body concentrations of cortisol were determined with a competitive RIA 
adapted from Young (1986). To this end, 10-15 larvae were pooled per sample to obtain 
enough biomass. Larval dry weight was determined after drying to constant weight at 60 °C 
and the samples were homogenized in 200 |jl of 0.01 M HCl using an ultrasonic cell disrupter 
(Microson XL2005, Heat Systems). Whole-body homogenates were centrifuged three times at 
17,300 g for 10 min and, each time, the supernatant was transferred into a new Eppendorf 
microtube and 20 |jl of final supernatant was assayed in duplicates. Glutamate buffer, 
[3H]hydrocortisone (Sigma-Aldrich), and an antibody raised against fish cortisol (1:200 
diluted; Endocrine Sciences Products) were added and tubes were incubated in the dark for 
90 min. An ice-cold mixture of activated dextran-charcoal in phosphate-buffered saline (PBS)
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was then added and samples were immersed in an ice bath for 20 min. The mixture was 
centrifuged at 3,200-g (4 °C) and 500 |jl of the supernatant was transferred into a scintillation 
vial with 5.5 ml of scintillation cocktail (Ultima Gold, Packard, USA). DPMs were read in a 
Tri-Carb 2100TR scintillation counter (Packard, USA) and a standard with hydrocortisone 
(H4001, Sigma) was used as a reference.
Statistical analysis. Following testing for homogeneity of variances, all SGRs, fatty acid, 
survival, and cortisol levels were analysed using the statistical software package SPSS for 
Windows to perform one-way analyses of variance (ANOVA) and the Duncan's multiple
[2] range tests. Significance was accepted at the level of P < 0.05.
Table 1. Selected fatty acids indices (mg/g dry weight) of (A) rotifers and (B) Artemia 
fed the 0 ArA, 12.5 ArA, and 25 ArA treatments. Values are means ± SE.
0 ArA 12.5 ArA 25 ArA
(A) Rotifers
Saturates
Monounsaturates
Polyunsaturates
n-3/n-6
8.57 ± 0.82 
11.12 ± 1.23 
19.10 ± 1.80 
4.67 ± 0.70
7.35 ± 1.31
12.35 ± 2.02 
22.09 ± 3.41 
2.50 ± 0.26
8.92 ± 1.63 
12.08 ± 1.56 
22.96 ± 1.93 
1.36 ± 0.19
DHA (22:6n-3) 
EPA (20:5n-3) 
ArA (20:4n-6) 
DHA/EPA 
DHA/ArA 
ArA/EPA
3.54 ± 0.65 
3.50 ± 0.57 
1.14 ± 0.17 
1.18 ± 0.36 
3.70 ± 1.29 
0.33 ± 0.04
2.29 ± 0.30
4.10 ± 1.04
2.11 ± 0.05 
0.73 ± 0.34 
1.09 ± 0.15 
0.61 ± 0.20
2.62 ± 0.10 
3.05 ± 0.70 
3.87 ± 0.21 
0.95 ± 0.20 
0.68 ± 0.04 
1.43 ± 0.36
(B) Artemia
Saturates
Monounsaturates
Polyunsaturates
n-3/n-6
12.93 ± 0.40 
20.17 ± 0.41 
41.38 ± 1.02 
5.40 ± 0.12
12.05 ± 1.74 
18.61 ± 2.02 
41.00 ± 5.01 
2.52 ± 0.12
11.81 ± 1.32 
19.33 ± 1.98 
44.43 ± 5.03 
1.64 ± 0.05
DHA (22:6n-3) 
EPA (20:5n-3) 
ArA (20:4n-6) 
DHA/EPA 
DHA/ArA 
ArA/EPA
2.57 ± 0.36 
2.95 ± 0.14 
0.59 ± 0.02 
0.88 ± 0.14 
4.42 ± 0.72 
0.20 ± 0.01
1.92 ± 0.40 
2.11 ± 0.17 
3.42 ± 0.60 
0.90 ± 0.13 
0.57 ± 0.08 
1.60 ± 0.15
1.61 ± 0.34 
1.77 ± 0.27 
5.86 ± 0.79 
0.89 ± 0.09 
0.27 ± 0.02 
3.34 ± 0.16
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Table 2.The effect of rotifer and Artemia 0 ArA, 12.5 ArA, and 25 ArA treatments on selected fatty add indices in larvae (mg/g dry weight) at (A) 32 
DPH (pre-metamorphosis) and (B) 42 DPH (metamorphosis) in the control group (only transferred to aquaria) or in larvae exposed to daily salinity 
chanse TSalinitv': means ± SE).
______________0 ArA__________________________ 12.5 ArA__________________________25 ArA__________
_____Control_________ Salinity_________ Control__________Salinity_________ Control_________ Salinity
(A) Pre-metamorphosis larvae (32 DPH)
Saturates 17.28 ±0.32 15.8 ± 1.10 15.47 ±1.04 15.60 ± 1.36 15.18 ±0.80 17.91 ±0.99
Monounsaturates 17.90 ±0.87 16.53 ±1.57 17.93 ±1.58 15.42 ±1.47 16.27 ±1.10 16.93 ±1.96
Polyunsaturates 35.53 ± 1.84 33.06 ±3.40 38.18 ± 3.65 33.31 ±3.13 36.74 ±2.32 38.93 ±4.19
n-3/n-6 3.83 ± 0.19 3.56 ±0.23 1.78 ±0.15 1.75 ±0.14 1.31 ±0.10 1.42 ±0.11
DHA (22:6n-3) 6.47 ±1.16 6.51 ±0.98 4.96 ±1.10 5.74 ±0.90 4.89 ± 0.81 6.26 ± 1.07
EPA (20:5n-3) 4.55 ± 0.28 4.13 ±0.09 3.15 ±0.16 2.78 ±0.12 2.36 ±0.17 2.64 ±0.16
ArA (20:4n-6) 2.15 ± 0.24 2.37 ±0.47 5.58 ±0.28 5.62 ±0.53 7.39 ± 0.47 7.55 ±0.44
DHA/EPA 1.37 ±0.19 1.60 ±0.26 1.54 ±0.28 2.01 ± 0.24 2.00 ± 0.23 2.32 ±0.34
DHA/ArA 2.86 ± 0.25 2.88 ±0.24 0.93 ±0.24 1.09 ±0.22 0.70 ± 0.12 0.89 ±0.18
ArA/EPA 0.46 ±0.03 0.59 ±0.13 1.79 ±0.14 2.01 ± 0.16 3.29 ± 0.35 2.95 ±0.30
(B) Metamorphosing larvae (42 DPH)
Saturates 13.48 ±0.59 14.54 ±0.36 14.17 ±1.14 16.69 ± 0.72 14.22 ±1.34 15.17 ±0.65
Monounsaturates 14.67 ±0.70 15.83 ±0.67 15.71 ± 1.04 15.77 ± 0.47 13.75 ± 1.50 14.11 ±0.86
Polyunsaturates 21.44 ±0.95 23.39 ±0.91 24.21 ± 1.81 26.33 ± 1.55 23.96 ±2.40 24.90 ±1.30
n-3/n-6 3.27 ±0.06 3.00 ±0.08 1.54 ±0.04 1.90 ±0.15 1.01 ±0.01 1.15 ±0.02
DHA (22:6n-3) 5.51 ± 0.28 5.92 ± 0.43 5.21 ± 0.63 7.56 ± 0.49 5.05 ± 0.46 5.85 ± 0.28
EPA (20:5n-3) 4.10 ± 0.21 4.20 ±0.14 2.94 ±0.24 3.22 ±0.15 1.97 ±0.19 2.10 ±0.11
ArA (20:4n-6) 1.11 ±0.05 1.17 ±0.07 5.20 ±0.32 5.37 ±0.15 7.83 ± 0.76 7.43 ±0.40
DHA/EPA 1.34 ±0.03 1.41 ±0.10 1.76 ±0.10 2.34 ±0.04 2.58 ± 0.04 2.81 ±0.09
DHA/ArA 4.97 ±0.13 5.08 ±0.35 1.00 ±0.08 1.40 ±0.05 0.65 ± 0.02 0.80 ±0.05
ArA/EPA 0.27 ±0.01 0.28 ±0.01 1.78±0.04 1.68 ±0.04 3.99 ± 0.09 3.55 ±0.10
Results
An increase in ArA levels in both rotifers (1.14, 2.11, and 3.87 m g ArA/g dry weight) and 
Artemia (0.59, 3.42, and 5.86 mg ArA/g dry weight) was observed with each increase in the 
substitution of AquaGrowTM-advantage with AquaGrowTM-AA. This was accompanied by a 
generally decreasing trend in rotifer and Artemia DHA (3.54, 2.29, and 2.62, and 2.57, 1.92, 
and 1.61 mg/g dry weight, respectively) and EPA (3.50, 4.10, and 3.05, and 2.95, 2.11, and 1.77 
mg EPA/g dry weight, respectively). Feeding the rotifer and Artemia treatments resulted in 
an elevation of ArA levels in pre-metamorphosing 32-DPH larvae and metamorphosing 42-
[2] DPH post-larvae (tables 2A and B) exposed to either the control treatment (2.15, 5.58, and 
7.39, and 1.11, 5.20, and 7.83 mg ArA/g dry weight, respectively) or the salinity change 
treatment (2.37, 5.62, and 7.55, and 1.17, 5.37, and 7.43 mg ArA/g dry weight, respectively). 
As in the dietary treatments, there was a general coincident decrease in both pre­
metamorphosing and metamorphosing larval DHA and EPA exposed to acute handling or 
chronic salinity change stress.
As shown in figure 1 larval survival increased with dietary ArA levels (0.59, 3.42, and 
5.86 mg ArA/g dry weight) at the end of the study in both control pre-metamorphosing (20­
32 DPH) and metamorphosing (30-42 DPH) larvae (38%, 48.6%, and 77.2%, and 58%, 56.4%, 
and 90.4%, respectively). On the other hand, pre-metamorphosing, and to a lesser (P > 0.05) 
extent metamorphosing larvae exhibited a decrease (P < 0.05) in survival (55.3%, 60.0%, and 
25.8%, and 70%, 83%, and 76%, respectively), when fed the highest ArA level and exposed to 
daily salinity fluctuation.
A positive correlation between Artemia ArA and larval basal cortisol was shown in 
metamorphosing larvae in the controls and those exposed to chronic salinity fluctuation 
stress (figure 2). However, this correlation was not significant in the control larvae while 
larvae exposed to salinity change exhibited a marked increase (P < 0.05) in cortisol level (7.5, 
15.9, and 19.8 ng/g dry weight) with Artemia ArA level.
There was no significant effect of the rotifer and Artemia treatments on dry weight in 
20- and 30-DPH larvae grown in the 400-l V-tanks (data not shown). This meant that the t0 
values used to calculate the SGRs of the different treatments were not significantly different. 
Pre-metamorphosing larvae exposed to salinity change showed a non-significant trend of 
lower SGRs at each increasing dietary ArA level (14.62, 15.36, and 14.97, respectively) 
compared to control larvae (17.14, 17.14, and 15.43, respectively; figure 3A). However, the 
control larvae demonstrated reduced growth (P < 0.05) at the highest dietary ArA level while 
no ArA effect was observed on SGR in the chronic stress treatment larvae. In 
metamorphosing larvae, the SGRs between the control and salinity change larvae were 
similar at each dietary ArA level (figure 3B). On the other hand, a significant (P < 0.05) 
decrease in the SGR of the chronically stressed larvae as ArA increased (12.15, 10.69, and 
9.69) was observed while the SGRs of the control larvae did not vary substantially (10.23, 
10.92, and 9.79; figure 3B).
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Figure 1. The effect of Artemia ArA level, as a function of the 0 ArA, 12.5 ArA, and 25 ArA 
treatments, on survival at the end of the experiment in (A) pre-metamorphosing (32-DPH) larvae, 
and (B) metamorphosing (42-DPH) larvae. Survival was determined 12 days after the larvae had 
been transferred to the aquaria (control), or transferred and exposed to a daily changing salinity for 
the same period (means ± SE).
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Figure 2. The correlation between Artemia ArA level, as a 
function of the 0 ArA, 12.5 ArA, and 25 ArA treatments, 
with basal cortisol level in 42-DPH larvae. Cortisol levels 
were determined 12 days after the larvae had been 
transferred to the aquaria (control) or transferred and 
exposed to a daily changing salinity. Cortisol values of 
larvae within a dietary treatment and having the same 
letter were not significantly different. Cortisol values of 
larvae within a stressor type and having a different 
number of asterisks were significantly different (means ± 
SE).
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Figure 3. The effect of Artemia ArA level and stressor type on the 
specific growth rate (SGR) in (A) pre-metamorphosing 32-DPH 
larvae and (B) metamorphosing 42-DPH larvae. SGRs were 
determined 12 days after the larvae had been transferred to the 
aquaria (control) or transferred and exposed to a daily changing 
salinity. SGRs within a dietary treatment having the same letter 
were not significantly different. SGRs within a stressor type having 
a different number of asterisks were significantly different (means ± 
SE).
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Discussion
In the present study, differences in the ArA levels in the enrichment preparations were 
reflected in the ArA levels and the DHA/ArA and ArA/EPA ratios of the rotifers and Artemia 
feeding on them and, ultimately, in the pre-metamorphosing and metamorphosing fish 
larvae ingesting these zooplankters. On the other hand, there was a coincident decrease in 
levels of DHA and EPA in the larvae, as ArA levels increased in the live food. DHA 
expresses its essentiality on growth primarily in the phospholipid fraction of tissue 
membranes and appears to have only a minor, if any, role in eicosanoid synthesis (Sargent et 
al., 1999a), although a number of authors have attributed a DHA effect on stress resistance [2] 
(Kanazawa, 1997; Tago et al., 1999; Harel et al., 2001). However, there is competitive 
inhibition between EPA and ArA for the cyclooxygenase enzyme system involved in 
prostaglandin synthesis (Sargent et al., 1999a) and it is conceivable that the decrease in EPA 
levels in the larvae increased the availability of ArA for eicosanoid production.
Nevertheless, fish (regardless of developmental stage) that were exposed only to the 
stress caused by transfer showed a m arked trend of improved survival when ingesting 
rotifers and Artemia containing increasing levels of ArA. This reinforced our previous 
findings (Koven et al., 2001a) that enhanced levels of dietary ArA promoted survival in 
different-age gilthead seabream following exposure to handling. However, in this study, pre­
metamorphosing larvae containing the highest level of tissue ArA and exposed to both 
transfer and daily salinity fluctuation exhibited a m arked decrease in survival at the end of 
the trial. A similar, but less conspicuous, reduction in survival was also demonstrated in the 
older metamorphosing larvae fed the highest ArA treatment. These findings suggested that 
there is a confounding effect of elevated levels of tissue ArA on stress resistance depending 
on the duration and/or type of stressor.
Basal cortisol levels of the metamorphosing post-larvae at the end of the experiment 
demonstrated significant differences. In fish that were transferred to the aquaria by were 
maintained at constant salinity, basal cortisol levels were independent of dietary ArA. On the 
other hand, larvae exposed to daily salinity change demonstrated distinctly higher basal 
cortisol levels that significantly increased with rising ArA levels in the Artemia they 
consumed. These findings suggested that ArA supplementation up-regulated whole-body 
cortisol levels in larvae stressed by daily salinity change.
As part of an adaptive response to stress, cortisol is secreted from the interrenal cells of 
the headkidney triggered by the corticotropin-releasing hormone (CRH) and 
adrenocorticotropic hormone (ACTH) hormonal cascade of the HPI-axis in fish. The effect of 
ArA on the secretion of cortisol is presumably mediated via its function as a precursor in 
eicosanoid synthesis. Prostaglandins and PGE2, in particular, have been shown to modulate 
the sensitivity of the mammalian HPA-axis and consequently change the stress response 
(Williams et al., 1992; Nye et al., 1997; Di Luigi et al., 2001; Bugajski et al., 2002; Gadek- 
Michalska et al., 2002). Although sparsely studied in fish, these prostaglandins likely
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m odulate the release of hypothalamic CRH and/or pituitary ACTH, as shown in mammalian 
studies (Abou-Samra et al., 1986; Zacharieva et al., 1992; Nashushita et al., 1997). Moreover, 
PGE2 has been reported in fish to be more biologically active than prostaglandins derived 
from EPA, PGE3 (Henderson et al., 1985; Sargent et al., 1999a).
During chronic stress, which occurs in fish culture but is less common in nature 
(Pickering, 1990), there are often high circulating levels of cortisol (Pickering and Pottinger, 
1989). This type of cortisol response is maladaptive as it causes a decrease in circulating 
lymphocytes and a reduction in their immunocompetence (Barton and Iwama, 1991). This
[2] results in a higher susceptibility to pathogens and disease, eventually leading to an increase 
in mortality (Tripp et al., 1987; Maule et al., 1989; Barton and Iwama, 1991). The findings 
suggest that the high basal cortisol levels, together with the abundant total lipid ArA found 
in metamorphosing post-larvae stressed by daily salinity change, were instrumental in 
severely reducing larval survival. This contrasts with the survival-promoting effect of high 
dietary ArA in larvae exposed only to handling and having relatively low basal cortisol 
levels.
A hint of the physiological mechanisms underpinning this apparent contradiction may 
be found in mammalian studies reporting that not only PGE2 synthesized from the COX 
enzymes but other ArA metabolites, such as leukotrienes produced from the lipoxygenase 
enzyme system (LPX), also play an important role in ACTH secretion and adrenal 
steroidogenesis (Hirai et al., 1985; Solano et al., 1987; Jones et al., 1987; Wang et al., 2000). 
Abou-Samra et al. (1986) suggested that COX products such as PGE2 might be inhibiting 
ACTH release, which presumably would down-regulate cortisol while ArA metabolites from 
the LPX system may be stimulating ACTH production leading to the up-regulation of 
cortisol. However, the biological mechanisms in fish linking stressor type to the activity and 
regulation of ArA-derived COX and LPX metabolites remain elusive and a great deal of 
further work is required.
In addition, the present study demonstrated a link between the type of stressor, dietary 
ArA, cortisol levels, and growth. Post-larvae exposed to the chronic stress of fluctuating 
salinity showed significantly decreasing SGRs correlated with increasing and higher basal 
cortisol levels with incremental dietary ArA compared to the relatively stable SGRs and 
basal cortisol levels exhibited by the control fish fed the same ArA levels. As DHA levels 
were generally higher in the chronically stressed larvae compared to those acutely stressed, 
the observed differences in SGRs cannot be attributed to this essential n-3 fatty acid. It is well 
documented that elevated circulating cortisol levels in fish can reduce their capacity for 
growth (Davis et al., 1985; Pickering, 1990; Barton and Iwama, 1991). This may be a result of 
the increased energy demands required during prolonged stress, which relocated energy 
sources that would normally be mobilized for growth (Schreck, 1982). Moreover, elevated 
levels of cortisol have been described to affect growth factors such as growth hormone 
(Davis et al., 1985; Pickering et al., 1991).
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In summary, the present study provides evidence that dietary ArA has a survival- 
promoting capability in seabream larvae exposed to handling stress. In contrast, we also 
demonstrated that daily salinity change modified the stress response to such an extent that 
high dietary ArA appeared to up-regulate cortisol synthesis, resulting in reduced growth 
and increased mortality. This implies that mortality associated with acute stressors in fish 
culture may be ameliorated through dietary manipulation of the DHA/EPA/ArA ratios. On 
the other hand, inappropriate levels of dietary ArA may further reduce survival in larvae 
exposed to chronic stressors in the environment or as a result of poor farm management.
[2]
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Abstract Gilthead seabream (Sparus aurata) larvae were fed Artemia metanauplii 
enriched with a low or high level of arachidonic acid (ArA, 20:4n-6; 1.5 and 7.5 m g ArA/g 
dry weight, respectively) and their response to two types of stressors was determined. 
Larvae of 28 and 50 days post-hatch (DPH) were subjected to 90 sec of air-exposure, where 
the remaining 28-DPH fish were fed for another 4 days and exposed to a decrease from 42 V  
ambient salinity to 25V  over 1 h. After feeding on the ArA enriched Artemia the larvae of 
both age groups exhibited elevated ArA levels, decreased EPA levels and decreased 
EPA/ArA and DHA/ArA ratios. At 32 DPH the high ArA larvae demonstrated better growth 
than cohorts fed the lower ArA diet, but this effect did not occur in the 50-DPH larvae. 
Feeding the high ArA Artemia strongly reduced the cortisol response after air exposure of 
both 28 and 50-DPH larvae. The low ArA larvae responded to the salinity decrease with an 
initial increase in cortisol followed by a gradual decline below basal levels, whereas the high 
ArA larvae responded with a drop followed by a return to basal levels. After the onset of the 
salinity decrease the whole-body Na+, K+-ATPase activity increased in larvae of both dietary 
treatments. After 24 h, the ATPase activity had decreased in the low ArA larvae, but 
remained elevated in the high ArA larvae, coinciding with the osmoregulatory role of 
cortisol. Together with the salinity decrease the whole-body sodium content dropped in the 
high ArA larvae, while no m arked change occurred in the low ArA larvae. ArA appears to 
be involved in the regulation of cortisol synthesis in a divergent way: dietary 
supplementation with ArA down-regulated the cortisol response after air exposure, while it 
up-regulated basal cortisol synthesis after salinity change and enhanced the osmoregulatory 
balance accordingly.
Introduction
Gilthead seabream (Sparus aurata) have a dietary requirement for the polyunsaturated fatty 
acids (PUFA) arachidonic acid (ArA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), and 
docosahexaenoic acid (DHA, 22:6n-3): the activity of the enzyme A5-desaturase, necessary to 
convert linoleic acid (LA, 18:2n-6) and a-linolenic acid (a-LNA, 18:3n-3) into ArA and the 
long chain n-3 PUFA, EPA and DHA respectively, is too low to produce the amounts of these 
essential fatty acids required for normal growth and development (Mourente and Tocher, 
1994; Tocher and Ghioni, 1999). These dietary requirements become particularly evident 
during the larval stage when the need for these PUFA during rapid growth and 
development easily exceeds the dietary input from the live feeds used in commercial 
aquaculture (Izquierdo, 1996; Rainuzzo et al., 1997; Sargent et al., 1999b; Shields, 2001; Bell 
and Sargent, 2003). When larval gilthead seabream were supplemented with a microdiet 
enriched with ArA (1.0% dry weight) and sufficient levels of n-3 PUFA, this improved 
growth and overall survival compared to enrichment with the n-3 PUFA alone (Bessonart et 
al., 1999). Furthermore, feeding ArA enriched rotifers and Artemia metanauplii (~2.7 and 4.6 
m g ArA/g dry weight, respectively) markedly enhanced survival after tank transfer and 
handling, but only when the larvae were supplemented with ArA prior to the stress event 
(Koven et al., 2001a). This suggested that dietary ArA improved the stress resistance of the 
gilthead seabream larvae, especially during the more sensitive stages of metamorphosis
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(Tanaka et al., 1995; Koven et al., 2001a). In contrast, a follow-up study showed that higher 
levels of dietary ArA (~6 m g ArA/g dry weight) led to increased mortality after tank transfer, 
and reduced growth and survival of the larvae during a prolonged period of daily salinity 
fluctuations (chapter 2).
It is thought that the general function of ArA is as a precursor to eicosanoids 
(prostaglandins, thromboxanes, and leukotrienes), which are released in response to signals 
associated with tissue damage or stress (Axelrod et al., 1988; Smith, 1989; Lands, 1991; 
Buschbeck et al., 1999). Several studies have demonstrated that the prostaglandins are 
involved in the control of osmoregulatory processes and the regulation of the stressor- 
induced hypothalamus-pituitary-interrenal (HPI) axis, which facilitates the release of 
cortisol, the main corticosteroid in teleost fish (Gupta et al., 1985; Van Praag et al., 1987;
Wales, 1988). The release of cortisol is an integrative part of the so-called stress response, 
mobilizing energy-yielding substrates and stimulating osmoregulatory processes in an [3] 
attempt to adapt to a stressor, but which can become detrimental, particularly under 
situations of chronic stress (Wendelaar Bonga, 1997; Mommsen et al., 1999). In chapter 2 we 
found that the high dietary intake of ArA in combination with the daily changing salinity 
was associated with elevated cortisol levels in the seabream larvae at the end of the 
experimental period. It was proposed that ArA enhanced the sensitivity of the HPI axis, and 
in combination with daily stress this resulted in higher levels of cortisol and subsequently 
reduced survival of the larvae. Following this hypothesis, the improved resistance to the 
acute stress of handling after ArA supplementation might be explained by a diminished 
sensitivity of the HPI axis and an attenuated cortisol response immediately after handling.
The aim of the present study was to determine the effect of ArA supplementation on 
the immediate cortisol and osmoregulatory responses to two different types of stressors, air 
exposure and salinity change. First, gilthead seabream larvae were fed Artemia metanauplii 
enriched with either a high or a low level of ArA and were exposed to air to initiate an acute 
stress response at 28 and 50 days post hatch (DPH). Secondly, we investigated whether the 
contradictory effect of a high dietary level of ArA in chapter 2 was either the result of the 
chronic nature of the stress of daily fluctuating salinity compared to an acute type stressor, 
or was due to the salinity change itself causing a differential response. For this reason, 32- 
DPH larvae, after they were fed a low or a high level of dietary ArA, were subjected to a 
single decrease in the external salinity from ambient (42 V ) to 25 V  within 1 h. Whole-body 
cortisol levels, as well as whole-body Na+, K+-ATPase activity and ion contents were 
monitored with time, to determine the effects of ArA on the stress response and 
osmoregulation.
Methods and materials
Larval rearing. Gilthead seabream larvae (S. aurata) were provided by Ardag Red Sea 
Mariculture (Eilat, Israel) and stocked in 27-l aquaria at the National Centre for Mariculture
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in Eilat. The larvae were exposed to an 18-h photoperiod and maintained in aerated, filtered 
(10 |jm), and UV treated seawater (42 V , ambient salinity) of 22 ± 1 °C in aquaria with a flow 
rate of 100 ml/min. One batch of larvae were stocked at 21 DPH (200 larvae/aquarium) and 
were fed Artemia metanauplii enriched with either a low or a high level of ArA until the air 
exposure and salinity challenges at 28 and 32 DPH, respectively (see below). Another batch 
from the same brood stock was transferred to the aquaria at 30 DPH (150 larvae/aquarium) 
and fed enriched Artemia until the air exposure challenge at 50 DPH. For both larval batches 
20 aquaria were used where the larvae of one group of 10 aquaria were fed low ArA 
containing Artemia metanauplii previously enriched with a sprayed dried and lipid extracted 
algal meal mixed with a phospholipid containing 35.9% of total fatty acids as DHA. These 
ingredients were residual products from an industrial oil extraction process of the 
heterotrophically grown dinoflagellate Crypthecodinium sp. (Martek biosciences, USA). In the
[3] other 10 aquaria, the larvae received high ArA containing Artemia metanauplii that were 
enriched with a preparation that replaced 20% of the DHA-rich algal meal with an ArA-rich 
(52.5% of total fatty acids) phospholipid and lipid-extracted algal meal, according to the 
procedure described in Koven et al. (2001a). This phospholipid and meal was a residual 
product remaining from an industrial oil extraction process of the heterotrophically grown 
fungus Mortierella alpina (Martek Biosciences, USA).
Air-exposure. In both age classes, all larvae from 5 randomly chosen aquaria from each 
Artemia treatment were used for the air exposure trials. The water, together w ith the larvae of 
the selected aquaria, were carefully poured through a dip-net into clean aquaria and the 
larvae, remaining on the mesh, were exposed to air for 90 sec, after which they were released 
back into the same water in the new aquaria. Larvae from these aquaria, following collection 
with a dip net after 0, 5, 10, 20, 30, 60 and 120 min, were immobilized immediately in iced 
seawater (-0.5 °C). They were then washed in distilled water and stored at -30 °C until 
further analysis.
Salinity decrease. The remaining 28-DPH fish in the experiment were fed w ith enriched 
Artemia for another 4 days. At 32 DPH, the larvae were subjected to a decrease in salinity 
over 1 h  from 42V  to 25V  by adding dechlorinated fresh water at a flow of 250 ml/min. 
Similarly to the air exposure trial, larval samples for whole-body cortisol, sodium and 
potassium were collected at 0, 20, 40, 60, 120 min, and 24 h  from 5 aquaria of each treatment, 
immobilized and stored. At 0, 60, 120 min, and 24 h  samples were taken for determination of 
whole-body Na+, K+-ATPase activity.
Fatty acids and cortisol. Fatty acid analyses of Artemia metanauplii and larvae were 
carried out as described in chapter 2. Whole-body concentrations of cortisol in fish larvae 
were determined on 10 pooled larvae, or 4 in the case of 50-DPH larvae (10-20 m g dry weight 
per sample), with a competitive RIA specific for cortisol, described in chapter 2.
Na+, K+-ATPase activity. After collection, larvae were stored frozen (-30 °C) in 1 m l of 
isotonic SEI-buffer (300 mM sucrose, 10 mM Na2EDTA, 100 mM imidazole, pH 7.4 with
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Hepes-Tris) until analysis. Ten larvae were pooled per sample and homogenized in 500 pl 
SEI-buffer with aprotinin (5 pl/ml) with a glass-to-glass homogenizer and centrifuged for 10 
min at 500 g. The supernatant was used for analysis of the total Na+, K+-ATPase activity.
After determination of the protein concentration of the samples (BIO-RAD cat. 500-0006, 
with a BSA standard as a reference, cat. 500-0007), saponin was added to each sample (20 
pg/mg protein) to render membranes leaky. Na+, K+-ATPase activity was measured based on 
the procedures described by Flik et al. (1983) and Swarts et al. (1990), adapted to 96-well 
microplates. Five microlitres of supernatant (containing 5-9.5 pg of protein, optimal for this 
assay) were added to each well with 6 wells per sample. The reaction was started by adding 
100 pl basic incubation medium (300 mM sucrose, 5 mM MgCk, 100 mM NaCl, 0.1 mM 
H 2EDTA, 3 mM Na2ATP, 100 mM imidazole, pH 7.4) with either 12.5 mM KCl or 1 mM 
ouabain (each in triplicates). Plates were incubated at 25 °C for 60 m in and the reaction was 
stopped by adding to all wells 200 pl of a 1:1 mixture of ice-cold TCA (17.4%) and color [3] 
reagent (0.66 M H2SO4 and 9.2 mM (NH4)6Mo7O24-4H2O, mixed with FeSO4-7H2O at 0.33 M).
After 30 m in incubation at 4 °C absorbance was determined at 660 nm (Victor2 Wallac 
multilabel counter). A standard curve of inorganic phosphate (Pi; Sigma-Aldrich) was used 
as a reference. The difference between the total ATPase activity and the ouabain-insensitive 
ATPase activity was designated as the ouabain-sensitive K+-dependent Na+, K+-ATPase 
activity and expressed in micromoles of Pi per hour per milligram protein.
Sodium and potassium. To determine the whole-body sodium and potassium content of 
the larvae, 10 larvae were pooled per sample and rinsed with distilled water, before they 
were dried overnight at 60 °C. They were then digested in 300 pl 65% HNO3 at 60 °C for 24 
hours. After dilution, total sodium and potassium were determined against a lithium nitrate 
solution (3 mmol/l) by flame photometry (Radiometer FLM3, Denmark).
Statistical analysis. Fatty acids, the accumulated mortalities and larval dry weights of the 
two dietary treatments were compared using one-way ANOVAs. Fatty acid percentage data 
were arscine transformed prior to analysis. Two-way ANOVAs were performed to 
determine the effects of the ArA-supplementation and time of sampling on whole-body 
values of cortisol, Na+, K+-ATPase activity, sodium, and potassium. Post Hoc Multiple 
Comparison tests (Tukey HSD) were used to determine which time-points differed 
significantly (SPSS software). All data are expressed as means ± SE and the 5% level of 
probability was accepted as indicating statistical significance.
Results
Artemia metanauplii enriched with the low ArA emulsion contained 1.5 ± 0.2 mg ArA/g dry 
weight, corresponding with 1.5 ± 0.1% of total fatty acids (table 1). Feeding them the high 
ArA emulsion significantly (P < 0.001) increased their ArA content to 7.5 ± 0.6 mg ArA/g dry 
weight or 6.3 ± 0.4% of total fatty acids. ArA enrichment of the nauplii also markedly 
affected the levels of total n-3 and n-6 PUFA, the n-3/n-6 ratios, ArA, EPA, and both the
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EPA/ArA and DHA/ArA ratios (see table 1). The fatty acid levels in the seabream larvae of 
32 DPH and 50 DPH reflected to a large extent the changes in the Artemia nauplii (table 2). 
Feeding the high ArA Artemia resulted in a significant increase (P = 0.033) of the level of 
saturated fatty acids in the larvae of 32 DPH, whereas the n-3 PUFA as well as the total n- 
3/n-6 ratio were reduced (P = 0.005 and 0.011 respectively). Larvae of the high ArA treatment 
of the same trial also exhibited significantly higher (P = 0.001) ArA levels and reduced EPA 
levels (P = 0.001). This was accompanied by a markedly higher DHA/EPA ratio (P = 0.020) 
and reduced DHA/ArA and EPA/ArA ratios (P = 0.003 and 0.001, respectively). In the 50- 
DPH larvae the high ArA treatment significantly reduced the level of total n-3 PUFA (P = 
0.011), but increased the total n-6 PUFA content (P = 0.044), causing a drop in the n-3/n-6 
ratio (P = 0.041; table 3). In addition, it resulted in a clear increase in the level of ArA (P = 
0.005) and a reduction in the EPA content (P = 0.005). This was accompanied by a marked
[3] increase in the DHA/EPA ratio (P = 0.018) and reduced the DHA/ArA and EPA/ArA ratios 
(for both P = 0.003).
The average accumulated mortality (of 10 aquaria) in larvae fed the low and high ArA 
treatments from 21 to 32 DPH was independent of diet (27.2 ± 2.6% and 28.1 ± 3.1%, 
respectively) and this was also true in the 30- to 50-DPH larvae fed these Artemia treatments 
(23.9 ± 2.8% and 28.1 ± 3.2%, respectively). In the air exposure and salinity decrease studies 
the minor larval loss in all replicate aquaria (1-5 larvae/aquarium) was independent of diet.
Table 1. Selected (categories of) fatty acids, expressed as percentages of total fatty 
acids, of Artemia nauplii after enrichment with the low or high ArA emulsion (means 
± SE of 4 samples). Significant differences are listed in the last column (One-way 
ANOVA).
Artemia Low ArA High ArA P-value
Saturates 20.6 ± 0.3 19.8 ± 0.4
Monounsaturates 44.7 ± 1.2 42.3 ± 0.7
Polyunsaturates 34.6 ± 1.0 37.9 ± 0.6 0.021
n-3 Polyunsaturates 25.2 ± 0.6 22.2 ± 0.1 0.001
n-6 Polyunsaturates 9.4 ± 0.8 15.7 ± 0.6 0.001
n-3/n-6 2.8 ± 0.3 1.4 ± 0.1 0.001
a-LNA (18:3n-3) 15.9 ± 0.5 14.7 ± 0.5
LA (18:2n-6) 7.9 ± 0.8 8.4 ± 0.5
a-LNA/LA 2.1 ± 0.3 1.8 ± 0.1
DHA (22:6n-3) 4.1 ± 0.7 3.5 ± 0.4
EPA (20:5n-3) 5.1 ± 0.2 4.0 ± 0.1 0.001
ArA (20:4n-6) 1.5 ± 0.1 6.3 ± 0.4 < 0.001
DHA/EPA 0.8 ± 0.1 0.9 ± 0.1
DHA/ArA 2.8 ± 0.4 0.6 ± 0.1 < 0.001
EPA/ArA 3.5 ± 0.1 0.7 ± 0.0 < 0.001
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Table 2. Selected (categories of) fatty acids, expressed as percentages of total fatty 
acids, of 32-DPH seabream larvae fed the Artemia enriched with the low  or high 
ArA emulsion (means ± SE of 5 samples taken from different aquaria). Significant 
differences are listed in the last column (One-way ANOVA).
32-DPH Larvae Low ArA High ArA P-value
Saturates 27.3 ± 0.7 29.9 ± 0.8 0.033
Monounsaturates 29.9 ± 1.0 29.3 ± 0.9
Polyunsaturates 42.9 ± 1.3 40.8 ± 1.1
n-3 Polyunsaturates 23.5 ± 0.9 15.6 ± 2.0 0.005
n-6 Polyunsaturates 19.4 ± 2.2 25.3 ± 2.0
n-3/n-6 1.4 ± 0.2 0.7 ± 0.1 0.011
a-LNA (18:3n-3) 10.6 ± 0.6 9.1 ± 0.4
LA (18:2n-6) 12.8 ± 1.3 10.6 ± 0.5
a-LNA/LA 0.9 ± 0.1 0.9 ± 0.1
DHA (22:6n-3) 6.4 ± 0.2 6.0 ± 0.5
EPA (20:5n-3) 5.2 ± 0.3 3.5 ± 0.3 0.001
ArA (20:4n-6) 4.5 ± 0.9 9.3 ± 0.8 0.001
DHA/EPA 1.3 ± 0.1 1.7 ± 0.2 0.020
DHA/ArA 1.7 ± 0.2 0.7 ± 0.2 0.003
EPA/ArA 1.4 ± 0.2 0.5 ± 0.1 0.001
[3]
Table 3. Selected (categories of) fatty acids, expressed as percentages of total fatty 
acids, of 50-DPH seabream larvae fed the Artemia enriched with the low  or high 
ArA emulsion (means ± SE of 5 samples taken from different aquaria). Significant 
differences are listed in the last column (One-way ANOVA).
50-DPH Larvae Low ArA High ArA P-value
Saturates 23.0 ± 2.45 23.7 ± 0.4
Monounsaturates 37.1 ± 1.2 35.5 ± 1.0
Polyunsaturates 40.0 ± 2.1 40.9 ± 1.0
n-3 Polyunsaturates 27.1 ± 1.1 22.7 ± 0.9 0.011
n-6 Polyunsaturates 10.7 ± 1.4 16.2 ± 1.7 0.044
n-3/n-6 2.8 ± 0.6 1.5 ± 0.3 0.041
a-LNA (18:3n-3) 8.8 ± 0.3 8.2 ± 0.3
LA (18:2n-6) 5.1 ± 0.2 4.6 ± 0.2
a-LNA/LA 1.7 ± 0.1 1.8 ± 0.1
DHA (22:6n-3) 6.8 ± 0.5 5.7 ± 0.2
EPA (20:5n-3) 8.5 ± 0.4 5.9 ± 0.6 0.005
ArA (20:4n-6) 4.3 ± 0.3 9.9 ± 1.4 0.005
DHA/EPA 0.8 ± 0.0 1.0 ± 0.1 0.018
DHA/ArA 1.6 ± 0.0 0.7 ± 0.2 0.003
EPA/ArA 2.0 ± 0.1 0.8 ± 0.3 0.003
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The larvae that were enriched with the high level of ArA from 21 to 32 DPH were 
significantly heavier (1.45 ± 0.05 m g dry weight; P = 0.020) than those fed the low ArA nauplii 
(1.29 ± 0.05 mg dry weight) at the end of the rearing period. However, there was no significant 
effect on growth between larvae fed the low or high ArA treatment from 30 to 50 DPH (2.8 ± 
0.12 m g and 2.7 ± 0.1 mg/larvae, respectively).
The 28-day old larvae responded to air-exposure with a rapid increase in the whole- 
body cortisol content, which was significant after 20 and 30 min (P = 0.034 and < 0.001, 
respectively) and was still considerably higher than pre-stress levels after 60 m in (P = 0.029; 
figure 1A). The ArA-supplemented larvae exhibited a significantly lower (P = 0.009) cortisol 
response than the larvae fed the low ArA metanauplii. Dietary ArA also markedly affected 
the response in time (P < 0.001). In addition, ArA supplementation clearly attenuated the
[3] cortisol response to air-exposure in the 50-day old larvae (P = 0.042; figure 1B). Similar to the 
28-DPH larvae, in this age class the cortisol levels were significantly elevated after 20 and 30 
min (P < 0.001).
In the salinity decrease trials, the 32-day old larvae fed the low ArA nauplii responded 
to the decrease in salinity w ith an initial increase in whole-body cortisol content, followed by 
a gradual decrease below the pre-stress levels (figure 2). In contrast, the ArA-supplemented 
larvae responded with an initial decrease in the cortisol content followed by a return to the 
level at t = 0. In addition, a significant interaction between the dietary treatment and the 
response in time (P = 0.007) was observed.
The larvae of both dietary treatments exhibited an increase in the whole-body Na+, K+- 
ATPase activity, which was significantly elevated after 120 min compared to the activity after 
60 min (P = 0.047; figure 3). After 24 h  the Na+, K+-ATPase activity remained elevated in the 
high ArA larvae, although in the low ArA larvae, the activity decreased significantly (P < 
0.001). Furthermore, a statistically significant (P = 0.020) interaction was found between the 
dietary treatment and the response in time.
The whole-body sodium content of the low ArA larvae remained unchanged after the 
decrease in salinity, whereas the sodium content of the ArA-supplemented larvae 
significantly (P = 0.002) decreased, although there were no marked differences compared to 
pre-stress levels (figure 4). The whole-body potassium levels were not significantly affected 
by dietary treatment or the change in salinity (results not shown).
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Figure 1. The cortisol response of seabream larvae exposed to air for 90 sec. Larvae were fed Artemia 
nauplii enriched with ArA prior to exposure: o low  ArA, •  high ArA. A. 28-DPH larvae, B. 50-DPH, post­
metamorphosis, juveniles. Values represent means ± SE. Significant effects of the factors ArA 
supplementation, time after air exposure, and/or interactions are indicated with asterisks: * P < 0.05, ** P < 
0.01, *** P < 0.001 (Two-way ANOVA).
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Figure Z. The effect of the dietary ArA-level on the 
cortisol response of 32-DPH seabream larvae to a 
decrease in salinity from 42 to 25%o within 1 hour, 
starting at t = 0. Larvae were fed enriched Artemia 
nauplii prior to the stressor: o low  ArA, •  high ArA 
(means ± SE).
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Figure S. The change in whole-body Na+, K+-ATPase 
activity in response to a decrease in salinity from 42 
to 25% within 1 hour, starting at t = 0. Larvae were 
fed enriched Artemia nauplii prior to the stressor: o 
low  ArA, •  high ArA (means ± SE).
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Figure 4. Whole-body sodium content in response to 
a decrease in salinity from 42 to 25%o within 1 hour, 
starting at t = 0. Larvae were fed enriched Artemia 
nauplii prior to the stressor: o low  ArA, •  high ArA 
(means ± SE).
Discussion
The larvae were fed the ArA-enriched Artemia treatments after moving them from the 
rearing tanks to the aquaria. As a result, the ArA treatment had no effect on the mortality 
that ensued from the stress of transfer, corresponding to the previous observation that ArA 
enrichment only promoted survival for seabream larvae when fed prior to an acute stressor 
(Koven et al., 2001a). While the effect on survival was limited, ArA enrichment resulted in 
enhanced growth of the younger larvae, but not of the larvae enriched from 30 to 50 DPH. 
Also Bessonart et al. (1999) found a positive effect of ArA enrichment on growth, though this 
effect was limited to an increase in total body length, which was not reflected by an increase 
in dry weight. On the other hand, Koven et al. (2001a) found no effect on growth by ArA 
enrichment alone, whereas a negative correlation between ArA and the specific growth rate 
of the larvae was found when they were subjected to chronic stress during the feeding 
period (chapter 2).
In both age classes the ArA content of the seabream larvae reflected the differences in 
the ArA levels of the enriched Artemia metanauplii, although there was some divergence 
between the levels of several fatty acids and fatty acid groups of the 32- and 50-DPH larvae. 
Feeding the Artemia metanauplii enriched with a high level of ArA not only increased the 
ArA content of the larvae, but also reduced the levels of EPA, apparently due to the 
competition of these PUFA for incorporation into phospholipids (Bell et al., 1995a, b). Once 
these fatty acids are released from cell membranes, EPA competes with ArA for the same 
enzymes for eicosanoid synthesis and produces PGE3 and PGF3, thereby inhibiting the
0
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conversion of ArA to the biologically more potent prostaglandins of the 2-series (Henderson 
et al., 1985; Bell et al., 1993; Farndale et al., 1999). Although the precise functions of these PGs 
in fish are not fully understood, prostaglandins have been shown to alter the sensitivity of 
the HPI axis, while ArA and other eicosanoids can promote steroidogenesis and change the 
binding of cortisol to glucocorticoid receptors in mammals as well (reviews by Mustafa and 
Srivastava, 1989; Lands, 1991; Sumida, 1995).
The seabream larvae of 28 and 50 days post-hatch responded with an increase in the 
whole-body level of cortisol within 20 min after air exposure. Whole-body determinations of 
cortisol in fish larvae have been shown to represent de novo synthesis of cortisol from 17a- 
hydroxyprogesterone (Sampath-Kumar et al., 1997). In addition, a-melanocyte-stimulating 
hormone (a-MSH) and adrenocorticotropin (ACTH) producing cells, as well as steroidogenic 
cells, were observed in larval seabream within one week after hatching (Grassi Milano et al.,
1997). The pituitary hormones a-MSH and ACTH both induce cortisol synthesis in teleost [3] 
fish. Furthermore, the enzyme that catalyzes the conversion of cholesterol into cortisol, A5-3|3 
hydroxysteroid dehydrogenase, could be detected 29 days post-hatching (Grassi Milano et 
al., 1997). These observations are all in support of our findings that the seabream larvae of 
the age classes used in our experiments possessed a functional HPI axis, similar to that of 
adult fish (Wendelaar Bonga, 1997; Arends et al., 1999; Rottlant et al., 2000).
The response of the 28-day old larvae was considerably higher than that of the 50-day 
old post-metamorphosis larvae, suggesting that at a younger age the larvae were more 
sensitive to the disturbance by an acute stressor. This seems to correspond with the 
observation that handling and tank transfer caused a higher mortality of seabream larvae 
going through metamorphosis than at a later stage (chapter 2). Although differences in body 
weight and/or composition between the age groups might influence the whole-body cortisol 
determination, these factors seem to have been of minor relevance, as the pre-stress cortisol 
levels of the larvae of both ages were very similar. The present study also revealed that 
feeding Artemia enriched with a high level of ArA reduced the cortisol responses to air 
exposure of both the 28- and 50-DPH larvae, but that the moderating effect on the acute 
cortisol response was most pronounced in the younger larvae. Moreover, the lower cortisol 
response after ArA supplementation coincides with the lower mortality of ArA-enriched 
larvae described in chapter 2, as well as the observation that ArA enrichment was most 
beneficial for the more sensitive pre-metamorphosing larvae in that study.
Like adults, marine fish larvae are hypo-osmotic to seawater and drinking is essential 
to compensate osmotic water loss. This means that larvae are particularly sensitive to 
osmotic disturbances due to their relatively large surface/volume ratio and the higher 
permeability of the integument. During their development they shift within the first days 
after hatching from the embryonic type of integumental osmoregulation (chloride cells in the 
epithelium covering the yolk sac and trunk) to the kidneys-gills-digestive tract system: the 
ions absorbed by drinking are being excreted by the renal complex, branchial epithelium and
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gut (Alderdice, 1988). They depend largely on cortisol to maintain their osmotic balance as 
cortisol increases the development of the chloride cells and enhances the activity of the Na+, 
K+-ATPase enzymes in larvae as well as adults (Dange, 1986; Sampath-Kumar et al., 1993; 
Ayson et al., 1995; McCormick, 2001).
The 32-DPH larvae in the present study responded to the decrease in salinity to 25% 
with a change in their cortisol levels almost from the moment the salinity started to change. 
The low ArA larvae contained considerably less cortisol for most of the 24 h  trial, indicating 
either a reduced production of cortisol, or an enhanced clearance rate. Although the response 
was relatively small when compared to the changes in whole-body cortisol levels after air 
exposure, the high ArA larvae exhibited markedly higher cortisol levels from 60 min until 
the end of the trial. This increase in cortisol coincided with an elevated Na+, K+-ATPase 
activity and a decrease in the whole-body sodium content when the salinity decreased. As
[3] the larvae were still hypoosmotic compared to the external salinity even at 25%, the 
decrease in the sodium level appears to be due to active ion extrusion, supported by the 
enhanced whole-body Na+, K+-ATPase activity. This suggests that the supplementation with 
ArA improved the hypoosmotic regulation of the seabream larvae. Interestingly, the initial 
response of the low ArA larvae to the change in salinity was a short and transient increase in 
the cortisol levels, in contrast to the high ArA larvae, that exhibited a brief decrease. This 
indicates that the immediate (non-specific) reaction of the larvae to a change in their 
environment was followed by a more specific reaction to the osmotic stressor that might 
involve a different mechanism. When the larvae were subjected to this type of stressor on a 
daily basis, as done in chapter 2, a similar response could have been responsible for the 
elevated cortisol levels at the end of the trial. Although the cortisol levels in the seabream 
larvae subjected to chronic stress were relatively low compared to the levels found after 
exposure to air, an enhanced cortisol synthesis can become maladaptive if the cortisol levels 
remained elevated for a prolonged period of time. This may result for example, in a 
suppressed immune system (Barton and Iwama, 1991; Wendelaar Bonga, 1997). This effect 
might explain the increased mortality at a high dietary intake of ArA in combination with a 
daily fluctuating salinity, that caused chronic osmotic stress, as was observed previously 
(chapter 2).
These results provide evidence that the positive effects of supplementation of live feeds 
with ArA-rich emulsions on survival after an acute stressor such as handling can be 
attributed to a reduction of the immediate cortisol response. We can also conclude that ArA 
supplementation had a differential effect on the synthesis of cortisol depending on the nature 
of the stressor, as indicated by the higher cortisol levels after salinity change in the larvae fed 
the high ArA Artemia treatment. The increased synthesis of cortisol after the decrease in 
salinity might be responsible for the improved osmoregulation as part of a specific reaction 
to the osmotic stressor.
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3 ripe, firm tomatoes, medium to large size
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2-3 tablespoons blanched, slivered almonds 
1-2 tablespoons pine kernels 
125 ml (4 fl oz) dry white wine
Abstract The cyclooxygenase (COX) pathway converts arachidonic acid (ArA) into 
prostaglandins, which interact with the stress response in mammals and possibly in fish as 
well. Acetylsalicylic acid (ASA) is a COX-inhibitor and was used to characterize the effects of 
prostaglandins on the release of several hormones and the stress response of tilapia 
(Oreochromis mossambicus). Plasma PGE2 was significantly reduced at 100 mg ASA/kg body 
weight and both basal PGE2 and cortisol levels correlated negatively with plasma salicylate. 
Basal plasma 3,5,3'-triiodothyronine (T3) was reduced by ASA treatment, while prolactin 
(PRL) 188 increased at 100 m g ASA/kg body weight. ASA depressed the cortisol response to 
the mild stress of 5 min net confinement. As expected, glucose and lactate were elevated in 
the stressed control fish, but the responses were blunted by ASA treatment. Gill Na+, K+- 
ATPase activity was not affected by ASA. Plasma osmolality increased after confinement in 
all treatments, while sodium only increased at the high ASA dose. This is the first time ASA 
has been administered to fish in vivo, and the altered hormone release, and the inhibition of 
the acute stress response indicated the involvement of prostaglandins in these processes.
Introduction
Prostaglandins and other eicosanoids control various physiological functions in fish, 
including respiratory and cardiovascular output (McKenzie, 2001), ovulation and spawning 
behaviour, oocyte maturation, nervous system function, osmoregulation (Mustafa and 
Srivastava, 1989), and immune functions (Rowley et al., 1995). In fish, important sites of 
prostaglandin production are tissues directly involved in fluid and electrolyte regulation, 
such as the gills, opercular membranes, and kidneys (Van Praag et al., 1987; Brown et al., 
1991). In addition, eicosanoids are known to modulate the response of thyroid tissue to 
thyroid-stimulating hormone (TSH) and to promote prolactin (PRL) release in mammals 
(Lands, 1991). PRL is an important osmoregulatory hormone in freshwater fish (Beckman 
and Mustafa, 1992). Thyroid hormones have been shown to influence the activity of ion 
transporting enzymes, in particular gill Na+, K+-ATPase, in tilapia (Beckman and Mustafa, 
1992; Peter et al., 2000). Furthermore, prostaglandins have been described in hum an subjects 
to modulate the sensitivity of the hypothalamus-pituitary-adrenal (HPA) axis, which is 
responsible for the release of cortisol and corticosterone in the stress response (Cavagnini et 
al., 1979; Lands, 1991; Hockings et al., 1993; Nye et al., 1997). Although direct evidence is still 
lacking, there are indications that prostaglandins have a similar function in fish by affecting 
the analogous hypothalamus-pituitary-interrenal (HPI) axis (Bell et al., 1998).
When the fatty acid arachidonic acid (ArA, 20:4n-6) is released from cell membranes by 
phospholipases, mainly PLA2, it can be metabolized by PGG/H synthase. PGG/H synthase is 
a membrane-bound protein in the endoplasmatic reticulum of prostaglandin forming cells 
and exhibits two distinct catalytic activities. The cyclooxygenase (COX) component catalyses 
the oxidation of ArA to the intermediate PGG2 . The hydroperoxidase component mediates 
the reduction of the 15-hydroperoxyl group of PGG2 to the highly unstable PG endoperoxide 
PGH2, which is rapidly converted into prostaglandins and thromboxanes (Smith, 1989). The 
COX-1 subtype is generally considered to be transcribed constitutively, while COX-2
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expression is induced by various stimuli and is predominantly involved in 
pathophysiological processes such as inflammation (Lands, 1991; Tanabe and Tohnai, 2002). 
Recently, it has been demonstrated that in fish an inducible COX-2 exists as well, in addition 
to a constitutively expressed COX-1 type: both are ~65-84% homologs to the mammalian 
isozymes (Zou et al., 1999; Roberts et al., 2000; Yang et al., 2002). Although other fatty acids 
compete for the same enzymes to produce eicosanoid homologs, enzyme affinity for ArA is 
higher, resulting in predominantly ArA derived eicosanoids, mainly PGE2, which are also 
more biologically active (Lands, 1991; Bell et al., 1995b).
Acetylsalicylic acid (ASA, aspirin) is a potent and irreversible inhibitor of the COX 
pathway (Smith, 1989) and provides an excellent tool to determine the functions of 
prostaglandins in fish. In the present study, we therefore investigated the effects of ASA 
treatment on the release of several hormones, the osmoregulation, and the response to an 
acute stressor of a well-studied model species, tilapia (Oreochromis mossambicus).
Methods and materials
The experiments described in this study were conducted in accordance with the current law 
on animal experimentation in the Netherlands. [4]
Fish. Male and female freshwater tilapia (O. mossambicus) were obtained from 
laboratory stock (Univ. of Nijmegen, The Netherlands). Fish were maintained in aerated, 
partially re-circulated and filtered tap water at 25 °C with a 12-h photoperiod. Tilapia were 
acclimated over a 3 to 4 week period, during which they were fed standard pellets at 2% of 
their body weight per day (crude protein 38%, total lipid 10%, ash 10%, moisture 8%; TI-4.5 
Tilapia, Trouw Nutrition).
Uptake of ASA . Transparent gelatine capsules (size 4; Lamepro) were used to administer 
ASA. Capsules were filled with ~100 mg of crushed pellets and the required amount of ASA 
(Sigma-Aldrich). The filled capsules resembled the standard pellets in size and appearance 
and when fed together with pellets they were eaten indiscriminately within 5-10 min, 
enabling a stress-free administration of ASA. Prior to experimentation, the time course of the 
uptake of ASA into the bloodstream after oral administration was determined in a separate 
test. To this end 16 adult tilapia (174 ± 7 g) from the same cohort were individually housed in 
10-liter aquaria and a two-day acclimation period was allowed. On the third day 14 tilapia 
received a single oral dose of 100 mg ASA/kg body weight together with standard pellets 
(1% of body weight). As controls, 2 tilapia were fed gelatine capsules filled with crushed 
pellets only. Fish were anesthetized in a 1.5% 2-phenoxyethanol solution (Sigma-Aldrich) 
and per time point approximately 0.2 ml blood was sampled from the caudal vein with 
heparinised needles. They were handled as gently as possible and successive samples were 
obtained from each fish over a 50 h  period. Recovery from the anaesthetics always occurred 
within 5 min after they were returned to their aquaria. No fish died either during the 
procedure or the 3 weeks that followed the experiment.
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A SA  and stress challenge. The effect of ASA on the response to net confinement was 
studied on 120 tilapia (38 ± 1 g) from the same cohort, separated in 2 consecutive trials. Both 
trials consisted of 60 tilapia divided over 6 aquaria (80 litres, 10 fish/aquarium) and 2 aquaria 
were used per treatment. During the acclimation period of 25 days they were fed 2% of body 
weight twice a day. Two doses of ASA were used, 10 m g or 100 m g ASA/kg body weight, 
while the control treatment was fed capsules without ASA. In contrast to the pilot study, the 
ASA dose was not determined for each individual fish but on the basis of the mean weight of 
10 fish per aquarium. ASA was fed twice a day and on the third day, 4 h  after their last meal 
or meal and dose of ASA, 10 fish were sampled for baseline values (t = 0). The remaining fish 
were immediately subjected to 5 min of submerged net confinement, after which they were 
released back into the aquarium and sampled either after 5 min or 30 min. Fish were 
anesthetized in a 2% 2-phenoxyethanol solution and blood samples were collected using 
heparinised needles. Plasma samples were separated after centrifugation and stored at -20 °C 
until analysis. Gill arches were dissected and stored frozen in SEI-buffer (300 mM sucrose, 10 
mM Na2EDTA, 100 mM imidazole, pH 7.4 with Hepes-Tris) until analysis of Na+, K+-ATPase 
activity.
[4] Salicylate. Levels of plasma salicylate were determined with a commercial kit for
hum an plasma (Sigma-Aldrich). To determine the recovery in tilapia plasma, an additional 
standard curve was created on the basis of addition of ASA in final concentrations of 0.36 to 
1.81 mmol/l to plasma of a control fish. Up to 0.72 mmol/l salicylate the regression was linear 
with a 95% recovery and all tested samples were within this range. Undiluted samples were 
measured in triplicates and assay blanks were used to correct for turbidity. Absorbance was 
read at 550 nm in a Victor2 Wallac multilabel counter.
Prostaglandin E2. Plasma levels of PGE2 were assayed with a commercial high sensitivity 
chemiluminescence enzyme immunoassay (CLIA 91001, Assay Designs, Ann Arbor, 
Michigan, USA). Plasma samples were diluted 5 times and assayed according to the 
manufacturer's protocol. Cross reactivity of the antibody with PGE1 is 33.2%, PGB1 7.0%, 
13,14-dihydro-15-keto-PGF2a 2.8%, PGE3 < 0.01%, and ArA < 0.01%.
COX activity. A commercial kit (907-003, Assay Designs) was used to determine 
whether ASA inhibited the COX-activity of tilapia tissue homogenates in vitro. To this end 
gill and kidney tissue samples of 5 control tilapia homogenized in SEI-buffer were used. Fifty 
microlitres of homogenate supernatant (~2.5 mg protein/ml) of each fish was added to the 
microplates in duplicates. A concentrated stock solution of 2.8 mM ASA (Sigma-Aldrich) in 
ethanol was diluted 100x in distilled water, of which 25 pl was added to a second duplicate 
set of wells to a final concentration of 400 pM. This concentration approximates the average 
value measured in plasma of the tilapia 4 h  after administration of ASA. All samples were 
incubated for 20 min at room temperature and chemiluminescence was determined 
according to protocol using a Victor2 Wallac multilabel counter with an automated dispenser 
unit. The percentage of inhibition by ASA was calculated as the differences between the COX
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activity in the control samples and those with ASA, corrected for the non-specific increase in 
signal strength caused by ASA alone.
RIAs. Plasma total thyroxine (T4) was determined by RIA with a modification of a 
procedure developed for hum an serum and rat plasma (Hermus et al., 1992). Because of the 
very low levels of T4 in fish plasma, 100-pl samples of plasma (instead of 5 pl) were used for 
analysis. The standards used for measurement in hum an serum consisted of 0-360 nmol/l T4 
added to 5 pl of T4-free hum an serum, that had been prepared by repeated treatment with 
charcoal (15 g/ 100 ml) and centrifugation. For this assay, these standards were 
supplemented with 100 pl of T4-free fish plasma prepared in the same way. Conversely, 100 
pl of unknown fish plasma samples were supplemented with 5 pl of hum an T4-free serum in 
order to provide full matrix compatibility between samples and standards. By using 100-pl 
samples the concentration range was 0-18 nmol/l, with a detection range of 0.5 nmol/l. 
Accuracy was tested by spiking a pooled fish sample with T4 . Recoveries were 104 and 97%.
At a level of 2.95 nmol/l, the intra-assay variation was 5.6% and the inter-assay variation 
10.6%. Plasma total T3 was assessed on the Centaur automated immunoassay system (ACS,
Bayer) using an acridinium-labelled anti-T3 antibody. Fish plasma was diluted twice and the 
inter-assay variation was less than 3% at the levels assayed. Plasma levels of the two forms of [4] 
prolactin, PRL188 and PRL177, were measured by homologous RIAs according to previous 
studies (Ayson et al., 1993; Yada et al., 1994).
Plasma cortisol levels were determined with a commercially available antibody, with 
some minor modifications of the manufacturer's protocol (Campro Scientific, Veenendaal,
The Netherlands). All constituents were in phosphate (P)-EDTA buffer (0.05 M NA2HPO4,
0.01 M Na2EDTA, 0.003 M NaN?). Ten microlitres of standards or of 1:5-diluted plasma were 
incubated for 4 h  with 100 pl of cortisol antibody (IgG-F-1, 1:500) in RIA-buffer (P-EDTA 
buffer with 0.1% (wt/vol) 8-anilino-1-naphthalenesulfonic acid and 0.1% (wt/vol) bovine y- 
globulin] and 0.25% normal non-immune rabbit serum (IgG-NRS). Cross reactivity of the 
antibody with 5a-dihydrocortisol is 27.6%, 5|3-dihydrocortisol 9.4%, 11-deoxycortisol 5.9%, 
corticosterone 1.7%, and 2.6% with cortisone. Standards and samples were then incubated 
overnight with 100 pl labelled cortisol in RIA-buffer (125I-cortisol, 1700 cpm/tube; Amersham) 
and 100 pl second antibody solution in RIA-buffer (IgG-goat anti-rabbit gamma globulin,
1:200). After 1 ml ice-cold P-EDTA buffer with 2% (wt/vol) BSA and 5% (wt/vol) 
polyethylene glycol was added, tubes were centrifuged (20 min, 2,000 g, 4 °C), supernatants 
were aspired and pellets were counted for 3 min (1272 Clinigamma, LKB Wallac).
Glucose and lactate. Plasma glucose levels were determined in duplicates with Sigma's 
INFINITY glucose reagent (Sigma-Aldrich) and absorbance was read at 340 nm. Plasma 
concentrations of lactate were assayed in duplicates by a standard colorimetric assay (735-10, 
Sigma-Aldrich) and read at 550 nm (Victor2 Wallac multilabel counter).
Ions and osmolality. Plasma concentrations of sodium, potassium and chloride were 
determined by flame photometry (Radiometer FLM3). Plasma osmolality was determined in
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50 pl undiluted plasma samples with an automatic cryoscopic osmometer (Osmomat 030, 
Gonotec).
Gill Na+, K+-ATPase activity. Several branchial filaments were homogenized in 250 pl 
SEI-buffer with aprotinin (5 pl/ml) and after centrifugation (10 min; 500 g) supernatants were 
used for analysis. After determination of the protein concentration of the supernatants (BIO­
RAD cat. 500-0006, with a BSA as a reference, cat. 500-0007) saponin was added to each 
sample (20 pg/mg protein) to render membranes leaky. The Na+, K+-ATPase activity was 
determined as the specific release of phosphate from ATP with a colorimetrical 
determination of inorganic phosphate and expressed in pmol Pi per hour per mg protein 
according to the method described in chapter 3.
Statistical analysis. Initial analysis revealed no differences between the two trials; all 
data are expressed as means ± SE of a combination of both tests. Repeated measures one-way 
ANOVA was used to test whether levels of salicylate were significantly elevated compared 
with t = 0.5 h  in the ASA uptake test. Differences between treatments for plasma PRL177, 
PRL188, T3, T4, salicylate, and PGE2 levels were tested with one-way ANOVA. Levene's Tests 
for homogeneity of variances indicated that log-transformation was required for cortisol, T3,
[4 ]  T4, and PGE2 data. To test whether the responses to net confinement differed between 
treatments, two-way ANOVA analyses were performed on cortisol, glucose, lactate, plasma 
ions and osmolality data. Post Hoc Multiple Comparison tests (Tukey's honestly significant 
difference test) were used to determine which treatments or time-points differed 
significantly (SPSS Software). Significance was accepted at P < 0.05 and asterisks were used 
to indicate significant differences: * P < 0.05, ** P < 0.01, *** P < 0.001.
Table 1. Plasma levels of salicylate and PGE2 (means ± SE). Plasma levels of salicylate and 
prostaglandin (PG) E2 in tilapia fed 2 different doses of acetylsalicylic acid (ASA): 10 and 
100 mg/kg body weight. Samples were taken 4 h after the last dose of ASA. Different 
letters indicate significant differences (One-way ANOVA).
Treatment Salicylate (pmol/l) PGE2 (nmol/l)
Control 
10 mg/kg ASA 
100 mg/kg ASA 402.0 ± 47.3a
88.8 ± 21.3ab
44.0 ± 5.7b 1.95 ± 0.25ab
1.89 ± 0.12b
1.29 ± 0.25a
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Results
Administration of ASA did not result in mortality in the experimental period, nor caused 
changes in motility, behaviour or appetite, while macroscopic analysis of the stomachs at the 
end of the experiments revealed no haemorrhages.
The uptake of ASA in time, reflected by plasma salicylate levels, is shown in figure 1.
The levels increased 1.5 h  after the tilapia had received a single dose of 100 mg ASA/kg body 
weight, though this was not significant until 3.5 h  after administration. Maximum plasma 
levels were reached after 5.5 h  and remained significantly elevated until 15 h  later. Repetitive 
sampling did not alter the salicylate levels of the 2 control fish, which were 66.4 ± 6.8 pmol/l 
salicylate for the sampling period.
In the follow-up experiment two doses of ASA were tested. The administration of 10 
mg/kg did not significantly elevate plasma salicylate levels after 4 h  compared with the 
control group (stressed and non-stressed fish combined). However, at 100 mg ASA/kg body 
weight plasma salicylate levels were significantly elevated (P < 0.001) compared with the 
controls (table 1).
Plasma PGE2 was not significantly affected by the low dose of ASA, while the high 
ASA dose reduced the average plasma PGE2 by approximately 34%, which was significantly [4]  
different from the low dose (P = 0.025; table 1). Plasma PGE2 levels were significantly 
negatively correlated (R2 = 0.889, P = 0.001) with the plasma salicylate levels in individual fish 
(figure 2).
At a concentration of 400 pM in the medium ASA inhibited the COX-activity of kidney 
homogenates by 43.9 ± 1.9%, but the COX-activity in gill homogenates was too low to be 
detected with this assay.
At 100 mg/kg ASA the mean plasma T3 level was reduced significantly (P = 0.014) 
compared with the control, while the low ASA dose had no effect on plasma T3 (P = 0.109; 
figure 3). ASA administration did not significantly affect plasma T4 levels at 10 mg/kg (P =
0.992), nor at 100 mg ASA/kg body weight (P = 0.083) compared with the control.
Although plasma PRL177 levels increased slightly with increasing ASA dose, this effect 
was not significant (P = 0.672; figure 4). Basal PRL188 levels were significantly enhanced at the 
high ASA dose compared with the low dose (P = 0.044; figure 4).
Administration of ASA did not result in a significant change of mean basal levels of 
plasma cortisol (figure 5). However, when comparing the values of individual fish, there was 
a significant negative exponential correlation (R2 = 0.598, P = 0.005) between individual 
plasma salicylate levels and plasma basal cortisol of the non-stressed fish (figure 2). Plasma 
cortisol levels were significantly influenced by both the level of ASA (P = 0.010), as well as 
time of sampling, i.e. confinement (P < 0.001; figure 5). At 100 mg/kg ASA the post­
confinement levels were significantly (P = 0.020) lower than the post-confinement levels in 
the control. Both after 5 and 30 min after confinement cortisol levels were significantly (P <
0.001) increased compared with the pre-confinement levels in all treatments, but there was
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no significant difference between 5 and 30 min after confinement (P = 0.051).
Plasma glucose levels were significantly influenced by both the ASA administration (P 
= 0.006) and confinement (P < 0.001). At the low dose of ASA the response to confinement 
was significantly (P = 0.007) reduced compared with the controls (figure 6). In all treatments, 
both after 5 and 30 min after confinement, glucose levels were significantly elevated 
compared with the controls (P < 0.001), while the difference between 5 and 30 min was no 
longer significant.
ASA treatment and time of sampling both significantly (P < 0.001) influenced plasma 
lactate levels (figure 7). There was a significant interaction between time and treatment (P < 
0.001). Both the low and high dose of ASA significantly reduced the lactate response 
compared with the controls (P = 0.010 and 0.024, respectively). Lactate levels were 
significantly elevated after both 5 and 30 min after confinement compared with the 
unstressed fish (P < 0.001), while at 30 min the lactate levels were also significantly higher 
than after 5 min (P < 0.001; figure 7).
The lowest basal gill Na+, K+-ATPase activity was observed at the high dose of ASA. 
However, variation was high and the difference with the control group was not significant
[4 ]  (table 2).
Plasma osmolality levels exhibited similar transient increases after confinement in all 
treatments (P < 0.001), but the dose of ASA had no significant influence on this response 
(table 2). At 5 and 30 min after confinement plasma osmolality was significantly elevated 
compared with controls (P < 0.001), while the increase after 30 min was not significantly 
different with the levels after 5 min.
Plasma sodium levels were significantly affected by both the dose of ASA as well as 
confinement (P = 0.021 and < 0.001, respectively; table 2). While neither the low nor the high 
dose of ASA differed significantly from the controls, sodium levels were significantly 
elevated at 100 mg/kg compared with 10 mg ASA/kg body weight (P = 0.039). Overall, after 5 
and 30 min sodium levels were significantly elevated compared with the unstressed fish (P = 
0.010 and < 0.001, respectively).
Plasma chloride levels were significantly affected by confinement (P < 0.001) but not by 
the dose of ASA. Within 5 min after confinement plasma chloride levels were significantly 
higher compared with unstressed fish (P < 0.001). Thirty minutes after confinement plasma 
chloride levels had dropped significantly below the levels at 5 min (P < 0.001), and were no 
longer significantly elevated compared with the unstressed fish.
Plasma potassium levels were not significantly affected by either administration of 
ASA, or by confinement.
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Table 2. Total Na+, K+-ATPase activity of gill homogenates, plasma osmolality and ion levels before and after net confinement (means ± SE). Samples 
were collected 4 h after the last dose of ASA just prior to, or 5 and 30 min after confinement. For significant differences, see the Results section.
Treatment Time
(min)
Na+, K+-ATPase 
(pmol Pi/h/mg prot)
Osmolality
(mOsm/kg)
Sodium
(mmol/1)
Chloride
(mmol/1)
Potassium
(mmol/1)
Control 0 1.90 ± 0.47 320.0 ±4.7 168.2 ± 2.9 169.4 ± 2.7 5.1 ±0.3
5 339.4 ±3.7 173.3 ±3.7 176.3 ± 2.4 5.1 ±0.3
30 336.0 ± 7.7 180.5 ± 2.2 168.2 ± 2.3 5.2 ±0.2
10 mg/kg ASA 0 1.89 ± 0.22 310.5 ±3.6 167.4 ± 2.2 166.9 ±1.7 4.7 ±0.2
5 327.8 ± 3.9 174.0 ±3.5 178.1 ± 2.5 4.5 ±0.1
30 337.2 ± 8.4 185.4 ± 2.1 165.8 ± 3.7 4.9 ±0.2
100 mg/kg ASA 0 1.63 ± 0.22 311.5 ±4.8 169.1 ±3.2 167.5 ± 1.9 5.2 ±0.2
5 337.8 ± 5.4 180.7 ±2.1 181.5 ±2.3 4.9 ±0.3
30 330.0 ± 8.8 186.1 ±2.6 169.1 ± 1.7 4.0 ±0.3
0 5 10 15 20 25 30 50 
time (hours)
Figure 1. Uptake of acetylsalicylic acid (ASA) in time, after a single oral 
dose of 100 mg ASA/kg body weight at t = 0. Values are means ± SE. 
Significant differences compared with t = 0.5 h: **P < 0.010 and ***P < 0.001 
(Repeated measures ANOVA).
3.0
2.0 ^  
o
CM
LJJ
o  
1.0 0-
0.0
plasma salicylate (^mol/l)
Figure 2. Correlations between plasma salicylate levels and basal levels 
of cortisol (•, solid line; R2 = 0.598) and plasma prostaglandin (PG) E2 (o, 
dashed line; R2 = 0.889) of non-stressed fish measured 4 h after the last 
dose of 10 or 100 mg ASA/kg body weight.
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Figure 3. The effect of ASA (10 mg/kg or 100 mg/kg body weight) on basal plasma 
3,5,3'-triiodothyronine (T3) and thyroxine (T4) levels. Blood samples were collected 
4 h after the last dose of ASA (means ± SE). Significant difference from the control 
group (0 mg ASA/kg body weight): * P < 0.05 (One-way ANOVA). Differences 
between T3 and T4 were not analysed. [4]
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Figure 4. The effect of ASA (10 mg/kg or 100 mg/kg body weight) on basal plasma 
levels of 2 forms of prolactin, tPRL177 and tPRL188. Blood samples were collected 4 h 
after the last dose of ASA (means ± SE). Significant difference from 10 mg ASA/kg 
body weight: * P < 0.05 (One-way ANOVA). Differences between PRL177 and PRL188 
were not analysed.
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Figure 5. Plasma cortisol responses to 5 min net confinement. Blood samples were 
collected 4 h after the last dose of ASA from non-stressed fish (t = 0) and 5 and 30 
min after net confinement (means ± SE). Significant difference from the post­
confinement levels of the control fish (0 mg ASA/kg body weight): *** P < 0.001
[4 ]  (Two-way ANOVA).
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Figure 6. Changes in plasma glucose after ASA administration followed by net 
confinement. Samples were taken 4 h after the last dose from non-stressed fish (t = 
0) and 5 and 30 min after net confinement (means ± SE). Significant difference from 
the control group (0 mg ASA/kg body weight): ** P < 0.01 (Two-way ANOVA).
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Figure 7. Changes in plasma lactate after ASA administration followed by net 
confinement. Samples were taken 4 h after the last dose from non-stressed fish 
(t = 0) and 5 and 30 min after net confinement (means ± SE). Significant 
differences from the control group (0 mg ASA/kg body weight): * P < 0.05 (Two­
way ANOVA). [4]
Discussion
This is the first time, to our knowledge, that ASA was used to study the effects of fatty acid- 
derived prostaglandins on the stress response in fish. The administration of 100 m g ASA/kg 
body weight via gelatine capsules resulted in elevated plasma levels of salicylate within 3.5 
h, reaching a maximum within 5.5 h  (~650 pmol/l), which was well within the range 
considered therapeutic for humans (<1440 pmol/l), and considerably lower than toxic (>2170 
pmol/l) and lethal (>4340 pmol/l) limits (Tietz, 1976). The tilapia did not discriminate 
between capsules containing ASA and normal pellets and therefore we consider this method 
superior to injections or forced feeding, which are always stressful. This was confirmed by 
the low basal cortisol, glucose, and lactate levels observed both in the controls and after the 
administration of ASA in our tests. Cortisol is the major glucocorticoid in tilapia and is 
released from the headkidney after stressor-induced activation of the HPI axis (Balm et al.,
1989; Wendelaar Bonga, 1997). These low basal values also argue against a non-specific toxic 
effect of ASA in our experiments, which is supported by the practically identical basal 
plasma osmolality and ions levels, the lack of behavioural changes or mortality, and the 
absence of haemorrhages.
One of three major pathways of ArA metabolism is the COX-pathway converting ArA 
mainly into prostaglandins (PGE2, PGD2, PGF2a) and thromboxanes (TxA2; Lands, 1991). ASA 
has no direct effect on the activity of PLA2 that releases ArA from the membranes (Hibbeln et 
al., 1989), but it is a highly specific and irreversible inhibitor of the COX-pathway by 
acetylating the COX enzymes. Hence, new enzyme synthesis is required before new
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prostaglandins can be produced (Smith, 1989). Four hours after administration of ASA, the 
levels of circulating PGE2 were significantly lower in the fish that had received the high dose 
compared with those that received the low dose. The strong negative correlation between 
individual PGE2 and salicylate levels also suggested a reduction of COX-activity in these 
tilapia, which was supported by the inhibitory effect of ASA on the COX-activity of kidney 
homogenates in vitro.
Prostaglandins are known to influence a wide range of physiological processes by 
enhancing the release of hormones and/or altering the sensitivity of target-organs (Mustafa 
and Srivastava, 1989; Lands, 1991). Langer et al. (1978) found that ASA analogue treatment 
reduced plasma levels of TSH, T3, and T4 in humans, which indicated the involvement of 
prostaglandins in the release of thyroid hormones. Studies on mammals further showed that 
prostaglandins enhanced the response of thyroid tissue to TSH, resulting in higher T3 and T4 
levels (Lands, 1991). In our study, basal levels of T3 were significantly reduced after ASA 
treatment, suggesting that prostaglandins have a similar regulatory function in tilapia. 
Thyroid hormones play an important role in growth and development of fish larvae, and 
particularly flatfish metamorphosis (Reddy and Lam, 1992; Power et al., 2001). Furthermore,
[4 ]  thyroid hormones enhance the osmoregulatory ability, principally in saltwater fish 
(Schreiber and Specker, 2000), but also in freshwater fish as they have been reported to 
promote gill Na+, K+-ATPase activity, an important ion-transporting enzyme, in tilapia (Peter 
et al., 2000).
PRL is also a hormone with osmoregulatory functions in fish (Horseman and Meier, 
1978; Ayson et al., 1993; Shepherd et al., 1999). In mammals eicosanoids are thought to 
promote PRL release by decreasing the PRL release-inhibiting factor (PIF) and increasing the 
PRL releasing factor (PRF) from the hypothalamus, without having a direct effect on the 
pituitary (Ojeda et al., 1979). ASA treatment has also been shown to attenuate the PRL 
response to exercise in humans, thereby providing indirect evidence for the role of 
cyclooxygenase metabolites in the control of PRL release (Di Luigi et al., 2001). Surprisingly, 
in our experiments PRL levels were not reduced when the COX pathway was blocked, but 
instead plasma PRL188 levels were elevated after administration of 100 mg ASA/kg body 
weight. It might be that PRL release is under inhibitory control by prostaglandins in tilapia, 
or ArA itself has a stimulatory effect on the release of PRL188; several polyunsaturated fatty 
acids were capable of inducing PRL secretion from rat pituitary cells in vitro, independently 
of the conversion to prostaglandins (Kolesnick et al., 1984a).
The stress response in fish, similar to that of mammals, is generally characterized by 
activation of the brain centra that control the release of corticotropin-releasing hormone 
(CRH) by the hypothalamus, which in turn induces the release of adrenocorticotropin 
(ACTH) from the pituitary gland. ACTH is an important corticotropic hormone inducing the 
release of cortisol from interrenal cells in fish, although a-melanocyte-stimulating hormone 
and |3-endorphin appear to be involved as well (Balm et al., 1994). In our tilapia 100 mg ASA
62
/kg body weight clearly reduced the cortisol response to net confinement, demonstrating the 
involvement of prostaglandins in vivo. This supports the observations by Gupta et al. (1985), 
who found that prostaglandins were able to induce the release of cortisol from interrenal 
tissues of trout in vitro, and Wales (1988) who demonstrated that injections of PGE2 
stimulated the cortisol release in hagfish in vivo . Several studies on humans have shown that 
ASA administration resulted in a blunted cortisol response, suggesting that prostaglandins 
have a stimulatory effect on adrenal steroidogenesis (Cavagnini et al., 1979). According to 
these studies endogenous prostaglandins can generate their effect on the release of cortisol at 
several levels: prostaglandins can enhance hypothalamic CRH release, but also restrain 
CRH-induced ACTH secretion at the pituitary level, as well as enhance the response of the 
adrenal cortex to ACTH-stimulation, resulting in an increase in steroidogenesis (Nye et al.,
1997; Di Luigi et al., 2001). In our study the basal plasma levels of cortisol were slightly 
reduced by ASA administration and a strong correlation was found between individual 
plasma salicylate levels and plasma cortisol levels in the non-stressed fish. This is in contrast 
to the studies on humans (Cavagnini et al., 1979), which suggests that basal and induced 
releases of cortisol are under different controlling mechanisms.
Basal lactate and glucose levels in our tilapia were not affected by the ASA [4]  
administration and the high levels of glucose and lactate after confinement in the control 
group closely resembled those found previously in tilapia in response to stressors (Vijayan et 
al., 1997). At a dose of 10 mg/kg body weight the ASA administration resulted in a blunted 
glucose response within 5 min. Although cortisol regulates gluconeogenesis in fish, this 
requires modification of hepatic enzyme activity, which has been shown to take at least 12 h 
in tilapia. Instead, rapid hyperglycaemia is most likely the result of enhanced hepatic 
glycogenolysis induced by catecholamine release (Vijayan et al., 1997). The blunted glucose 
response suggests therefore that ASA altered either the catecholamine release, or the 
adrenergic response of liver cells, although there is no previous evidence that the latter can 
occur in fish. It has been shown in rats that brain PGE2 can mediate the central sympathetic 
outflow of catecholamines and that other COX products, thromboxanes, are involved in the 
central adrenomedullary outflow (Okada et al., 2000; Yokotani et al., 2001).
While the initial stressor-induced rise in plasma lactate remained unaffected, ASA at 
both doses strongly augmented the lactacidemia observed after 30 min. Lactacidemia points 
to decreased muscle glycolysis or incomplete oxidation of glucose as a result of hypoxemia 
in muscle cells. There is only very limited knowledge on the effects of fatty acids or 
eicosanoids on lactate metabolism, and no studies have been performed on fish. In humans 
ASA treatment had no effect on lactate levels after exercise (Di Luigi et al., 2001). On the 
other hand, in young rats, it was shown that feeding n-3 fatty acids attenuated stressor- 
induced lactacidemia, in contrast to n-6 fatty acids that enhanced the lactate response. In that 
study increased gluconeogenesis was thought to be responsible for the attenuated 
lactacidemia, though this was m ot likely not due to inducible prostaglandins, but most likely
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related to an altered response of liver cells to catecholamines (Skalski et al., 2001).
Several studies have demonstrated both inhibitory and stimulatory effects of 
prostaglandins and fatty acids on Na+, K+-ATPase (Swann, 1984; Van Praag et al., 1987; 
Swarts et al., 1990; McCormick, 2001). Nevertheless, the effects of ASA administration on gill 
Na+, K+-ATPase, plasma ions, and plasma osmolality were very limited. While ASA 
treatment had no effect on plasma chloride and potassium levels, only net confinement in 
combination with the high dose of ASA resulted in a slight increase in plasma sodium. 
Generally plasma ion levels tend to drop in freshwater fish after exposure to a stressor due to 
an increased permeability of (branchial) membranes. However, during acute stress plasma 
water can also move out of the circulation into the tissues, reducing the blood plasma 
volume (Wendelaar Bonga, 1997), which explains the transient increase in plasma ions in our 
experiments.
Although it is likely that the observed effects of ASA administration are the result of 
reduced prostaglandin production, two alternative hypotheses can be proposed. First, ArA 
itself could be a controlling factor. Once released from cell membranes, free ArA can not only 
function as a precursor to eicosanoids, but also acts directly as a ligand, affecting either
[4 ]  negatively or positively the binding of steroid hormones to their specific intracellular 
receptors. In addition, fatty acids can also co-regulate glucocorticoid-dependent gene 
expression by m odulating the activity of protein kinases involved in phosphorylating 
transcription factors (Sumida, 1995). An intracellular increase in free ArA, as a result of ASA 
treatment, might therefore be responsible for the augmented cortisol response to the stressor 
in this study. Secondly, we should be aware that blocking the COX pathway might have 
redirected free ArA to other enzymatic pathways; the two m ain alternative pathways being 
the oxygenation into leukotrienes and hydroxyeicosatetraenoic acids (HETEs) by 
lipoxygenase, and the conversion into epoxyeicosatraenoic acids (EETs) by epoxygenase 
(Smith, 1989). These alternative eicosanoids are potential modulators of the HPI-axis in fish, 
as epoxygenase and lipoxygenase metabolites have been shown to stimulate ACTH and 13- 
endorphin secretion from rat pituitary cells (Nishizaki et al., 1989; Cowell et al., 1991; Won 
and Orth, 1994) and lipoxygenase products stimulated steroidogenesis in bovine adrenal 
cells in response to ACTH (Wang et al., 2000; Yamazaki et al., 2001). However, in our 
experiments these pathways might have been of subdominant importance as all these studies 
demonstrated a stimulatory effect of the alternative metabolites on ACTH, 3-endorphin, and 
cortisol secretion, which does not correspond with the attenuated cortisol response after ASA 
administration in our tilapia. Unfortunately, information on the specific accumulation and 
conversion of ArA in pituitary and interrenal cells of teleost fish is still lacking.
The results of this study indicate that inhibition of the COX pathway by ASA modifies 
the release of several important hormones and inhibits the response of tilapia to an acute 
stressor. Administration of ASA in vivo is an excellent tool to investigate the involvement of 
ArA-derived metabolites in the cortisol release and stress response of fish. It enables the
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differentiation between the prostaglandin-controlled and ArA-mediated effects, which will 
help to further understand the underlying mechanism of dietary control of the stress 
response and hormone release in fish.
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Abstract This study aims to clarify the role of the polyunsaturated fatty acid 
arachidonic acid (ArA, 20:4n-6) in the stress response of Mozambique tilapia (Oreochromis 
mossambicus). ArA is converted into eicosanoids, including prostaglandins, which can 
influence the response to stress. Tilapia, a species able to form ArA from its precursor, was 
supplemented with ArA for 18 days, after which they were confined for 5 min. 
Acetylsalicylic acid (ASA, COX-inhibitor) was subsequently administered to distinguish 
ArA-mediated effects from enhanced prostaglandin E2 (PGE2) synthesis. ArA supplemented 
fish had higher ArA levels in gill and kidneys, and these levels were enhanced after ASA 
treatment. Levels of total monounsaturates and polyunsaturates as well as DHA, EPA, and 
ArA, were altered 24 h after confinement, particularly in the kidneys. ArA supplementation 
had no effect on basal cortisol levels, while ArA + ASA reduced basal cortisol levels. ArA + 
ASA augmented the cortisol response to confinement. The combination of ArA + ASA also 
elevated plasma basal prolactin (tPRL)177 and 3,5,3'-triiodothyronine (T3) levels. Neither ArA 
nor ASA affected the stress-associated increases in plasma glucose and lactate. Na+, K+- 
ATPase activity in the gills was reduced after ArA supplementation and was even further 
suppressed by subsequent ASA treatment. In  vitro, ArA was a potent inhibitor of the Na+, K+- 
ATPase activity of gill and kidney homogenates. In contrast, PGE2 had no effect on branchial 
ATPase, whereas the effect on renal ATPase activity was concentration-dependent. The 
involvement of PGs in the stress response could not be confirmed. Blocking the conversion of 
ArA into PGs by ASA augmented the effects of ArA, possibly by enhancing intracellular free 
ArA levels.
Introduction
The release of cortisol, the m ain glucocorticoid in fish, is controlled by the stressor-activated
[5 ]  hypothalamic-pituitary-interrenal (HPI) axis, which is analogous to the mammalian 
hypothalamus-pituitary-adrenal (HPA) axis (Wendelaar Bonga, 1997; Mommsen et al., 1999). 
Several studies have suggested that the fatty acid arachidonic acid (ArA, 20:4n-6) is involved 
in the release of cortisol in fish, although the actual mechanisms have not been investigated 
(Gupta et al., 1985; Harel et al., 2001; chapter 2). Polyunsaturated fatty acids (PUFA) such as 
ArA, but also eicosapentaenoic acid (EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3), 
and dihomo-y-linolenic acid (DHGLA, 20:3n-6), can be converted into a group of locally 
acting hormones, called eicosanoids (Smith, 1989; Lands, 1991). Stress related signals activate 
phospholipases, primarily phospholipase A2, to facilitate the rapid release of these fatty acids 
from the phospholipids in cell membranes (Axelrod et al., 1988; Buschbeck et al., 1999; 
Girard et al., 1977). Once released, they can be metabolized via the cyclooxygenase (COX) 
pathway into prostaglandins and thromboxanes, by lipoxygenases into leukotrienes and 
hydroxyeicosatetraenoic acids (HETEs), and by epoxygenases into epoxyeicosatraenoic acids 
(EETs; Smith, 1989). Although the phospholipids of fish generally contain a larger fraction of 
n-3 than n-6 PUFA, ArA is often the preferred precursor for eicosanoid synthesis (Anderson 
et al., 1981; Henderson et al., 1985). Moreover, the resulting ArA-derived eicosanoids have a 
considerably higher biological activity than the eicosanoids derived from EPA and DHGLA 
(Bell et al., 1995b). Therefore, eicosanoid production is determined by the ratio of tissue 
EPA/ArA, which is largely a function of the dietary intake ratio of n-3/n-6 PUFA (Lands,
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1991; Bell et al., 1995a, b).
Eicosanoids can modulate the sensitivity of the mammalian HPA axis. For instance, in 
humans, prostaglandins change the release of corticotropin releasing hormone (CRH) from 
the hypothalamus (Hockings et al., 1993; Nye et al., 1997), as well as the CRH-induced 
release of adrenocorticotropic hormone (ACTH) from the pituitary gland (Cavagnini et al.,
1979; Zacharieva et al., 1992), and alter the ACTH-stimulated steroidogenesis in the adrenal 
cortex (Wang et al., 2000; Winter et al., 1990). Lipoxygenase and epoxygenase metabolites 
have been demonstrated to stimulate the release of ACTH from the pituitary gland in rats 
(Abou-Samra et al., 1986; Cowell et al., 1991; Stone et al., 1989; Won and Orth, 1994), and 
modify the hormone-induced release of cortisol from rat and bovine adrenals (Hirai et al.,
1985; Jones et al., 1987; Wang et al., 2000; Yamazaki et al., 2001).
Taking into consideration the above-mentioned effects of eicosanoids, it seems 
reasonable to assume that these physiological processes, including the stress response, can be 
altered by manipulating the dietary intake of fatty acids. Such knowledge would be very 
useful, particularly in aquaculture where stress is unavoidable during certain stages of 
production (see for instance Barton and Iwama, 1991)). Eicosanoids have also been shown to 
regulate a wide variety of other physiological processes in fish, including respiratory and 
cardiovascular output (McKenzie, 2001), ovulation and spawning behavior, oocyte 
maturation, nervous system function, osmoregulation (Mustafa and Srivastava, 1989), 
immune functions (Rowley et al., 1995), and the release of osmoregulatory hormones in fish 
(Horseman and Meier, 1978; Mustafa and Srivastava, 1989; chapter 4). [5]
This study aims to clarify the role of ArA in Mozambique tilapia (Oreochromis 
mossambicus), whose stress response has been well studied. Freshwater fish in general are 
able to elongate and desaturate the medium chain PUFA linoleic acid (LA, 18:2n-6) into ArA, 
and a-linolenic acid (a-LNA, 18:3n-3) into EPA and DHA (Olsen et al., 1990; Bell and 
Sargent, 1992; Tocher et al., 2002). Mozambique tilapia can convert ArA into prostaglandins 
via the COX-pathway (Bandy opadhyay et al., 1982). A previous study showed that it is 
possible to reduce the synthesis of prostaglandins in vivo by administrating acetylsalicylic 
acid (ASA), a specific and irreversible inhibitor of the COX-pathway (chapter 4). The results 
from that study suggested that prostaglandins enhanced the cortisol, glucose, and lactate 
responses to an acute stressor, and had an effect on the release of prolactin (tPRL188) and the 
thyroid hormone 3,5,3'-triiodothyronine (T3). The synthesis of PGE2, the main metabolite of 
ArA, depends on the intracellular availability of its precursor, or more specifically, the 
amount of ArA that can be released from the membrane phospholipids in response to a 
stressor. Hence, we hypothesize that feeding an ArA-rich diet to tilapia increases the 
incorporation of this fatty acid and enhances the production of prostaglandins after exposure 
to a stressor. Secondly, to test whether the effects of ArA-supplementation are indeed caused 
by enhanced production of prostaglandins, ASA was administered to block the COX 
pathway.
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Methods and materials
Fish. Male and female freshwater tilapia (O. mossambicus) were obtained from laboratory 
stock (University of Nijmegen, the Netherlands) and were maintained in aerated, partially 
re-circulated, and filtered tap water at 25 °C and exposed to a 12-hour photoperiod. They 
were acclimated over a 3 to 4 week period, during which time they were fed standard pellets 
at 2% of their body weight per day (crude protein 38%, total lipid 10%, ash 10%, moisture 
8%; TI-4.5 Tilapia, Trouw Nutrition, France). The fatty acid profile of these pellets is listed in 
T able 1, where samples were lipid extracted and transmethylated according to Koven et al. 
(2001). The experiments described in this study were conducted in accordance with the 
current law on animal experimentation in the Netherlands.
Experimental diets. Two different types of 4 m m  pelleted diets (The National Centre for 
Mariculture, Eilat, Israel) were prepared. These diets were identical in their protein, lipid, 
and micronutrient levels (protein 45%, total lipid 19%, ash 11%, and moisture 8%) but 
differed in their fatty acid composition. In the control pellets a fish oil (predominantly 
capelin oil) was incorporated at 10% of the pellet dry weight, which contained moderate 
levels of DHA, EPA, and LA, while having low levels of ArA. In the other diet 10% of the 
fish oil fraction was replaced with ARASCO, an ArA-rich oil with 38-44% ArA of total fatty 
acids (Martek Biosciences, Columbia MD, USA), which is derived from the heterotrophically 
grown fungus Mortierella alpina. This gave a final ArA level of 3.1 ± 0.7% of total fatty acids in 
the high ArA diet, compared to 0.7 ± 0.1% of total fatty acdis in the control diet. The fatty
[5 ]  acid compositions of the pellets are listed in Table 1.
Experimental set-up and stress challenge. In two consecutive trials a total of 120 tilapia (77 
± 2 g) from the same cohort were used. Each trial included 60 tilapia, which were divided 
into 6 groups of 10 fish, with 2 groups per treatment. Two groups of 10 fish were fed control 
pellets, while the other 4 groups were fed the high ArA pellets. All fish were fed daily rations 
of 2% of their bodyweight for a period of 18 days. At the end of this period, 2 groups of 10 
fish that had been fed the high ArA pellets received 3 doses of ASA in two days (100 mg/kg 
body weight, based on m ean weight per group). ASA was added to gelatine capsules filled 
with crushed pellets and co-fed with the appropriate diet according to the procedure 
described in chapter 4. In this way the ASA containing capsules were eaten voluntarily 
within 5 m in after administration and caused no additional stress. On the last day, 
approximately 4 h after receiving their last meal or dose of ASA, 5 fish from 1 aquarium of 
each treatment were sampled to determine basal values prior to the stress challenge. The 
remaining fish were immediately confined in a submerged dip-net, after which they were 
released back in to the aquarium and sampled after 5 min. The fish in the other aquarium of 
the same treatment were confined in the same way, released and sampled after 30 m in and 
24 h. Fish were quickly taken from the aquaria and anaesthetized in a 2% 2-phenoxyethanol 
solution. Once anaesthetized, blood was collected from the caudal vein using heparinised 
needles and this procedure was completed for all fish within 5 min. This procedure was
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repeated with the second batch of tilapia. Plasma samples were collected after centrifugation 
(16,000 g, 5 min) and stored at -20 °C until analysis of cortisol, glucose, lactate, plasma ions, 
osmolality, T3, T4, tilapia prolactin (tPRL)177, and tPRL188, according to the procedures 
described in chapter 4. Tissue samples of gill, muscle and kidney were dissected and 
immediately frozen, after which they were freeze-dried for analysis of fatty acids according 
to the method described in chapter 2. Gill arches were stored frozen in SEI-buffer (300 mM 
sucrose, 20 mM Na2EDTA, 100 mM imidazole, pH 7.4 with Hepes-Tris) until analysis of Na+, 
K+-ATPase activity (chapter 4). As the kidney tissue samples of these trials were processed 
for fatty acid analysis, an additional feeding trial was performed to determine the effect of 
ArA-enrichment on the renal Na+, K+-ATPase activity. Five tilapia received the control diet, 
while another 5 fish (61 ± 2 g) were fed with the high ArA diet for a period of 2 weeks. Gill 
and kidney samples were collected and processed for analysis of Na+, K+-ATPase activity 
accordingly.
The in vitro effects of free A rA  and PGE2 on Na+, K+-ATPase activity. Gill and kidney 
homogenates of 10 control fish were pooled and the COX-inhibitor indomethacin (10 pg/ml 
homogenate) was immediately added to prevent PG synthesis. The Na+, K+-ATPase activity 
was assayed with either free ArA or PGE2 in both incubation media (10 replicates/ 
concentration). Stock solutions of free ArA (Sigma, St. Louis, USA) and free PGE2 (Sigma, St.
Louis, USA) were prepared in 100% methanol and a 100 times diluted with the reaction 
media to their final concentrations (ranging from 1 to 100 pM) at 1% (v/v) methanol. At 1% 
methanol the branchial and renal Na+, K+-ATPase activities were reduced by 25% and 4%, [5]  
respectively, compared to their controls without methanol. Therefore, the enzyme activity 
with added ArA or PGE2 was expressed as the percentage of the methanol control.
Statistics. Initial analysis revealed no differences between the duplicate trials, so data 
were combined and treated and results presented as one experiment. Values are expressed as 
means ± SE of these combined trials. Tests for homogeneity of variances indicated that log­
transformation was required for cortisol, T3, T4, and PGE2 data. The percentage data of fatty 
acids were subjected to arcsine transformation prior to analysis. Differences among groups 
for the parameters salicylate, PGE2, tPRL177, tPRL188, T3, and T4 were assessed with one-way 
analyses of variance (ANOVA) followed by Tukey's (Honestly Significant Difference) Post 
Hoc multiple comparison tests. Two-way ANOVA analyses and Tukey's (HSD) Post Hoc 
tests were applied to determine whether the three dietary treatments (control, ArA, and ArA 
+ ASA) had a significant effect on the responses of cortisol, glucose, lactate, ions, osmolality, 
fatty acids, and Na+, K+-ATPase activity. Effects of ArA and PGE2 in the in vitro ATPase tests 
were determined by comparing the activity against that of the 1% methanol control with 
repeated measures ANOVA. Statistics were analysed with SPSS software for Windows 
(version 11.5). Significance was accepted at P < 0.05.
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Table 1. Selected (categories of) fatty acids of the commercial (standard) diet and the 
two experimental diets, the control diet and the ArA-enriched pellets (High ArA; see 
M ethods and Materials). Fatty acids were determined in duplicate or triplicate sub­
samples and expressed as percentages of total fatty acids (means ± SE).
Diet Standard Control High ArA
Saturates 31.1 ± 2.1 38.4 ± 9.4 36.5 ± 10.6
Monounsaturates 31.6 ± 1.0 31.1 ± 4.8 28.6 ± 3.1
Polyunsaturates 37.7 ± 1.1 30.7 ± 4.6 35.4 ± 7.7
n-3 Polyunsaturates 20.5 ± 1.8 19.9 ± 2.9 21.0 ± 4.7
n-6 Polyunsaturates 14.4 ± 1.0 8.5 ± 1.3 11.8 ± 2.5
n-3/n-6 1.5 ± 0.2 2.3 ± 0.0 1.8 ± 0.0
a-LNA (18:3n-3) 2.2 ± 0.7 1.1 ± 0.1 1.1 ± 0.2
LA (18:2n-6) 9.4 ± 0.8 7.6 ± 1.2 8.4 ± 1.8
a-LNA/LA 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0
DHA (22:6n-3) 7.6 ± 0.3 9.3 ± 1.4 9.5 ± 2.1
EPA (20:5n-3) 7.8 ± 0.6 6.5 ± 1.0 7.1 ± 1.6
ArA (20:4n-6) 1.1 ± 0.2 0.7 ± 0.1 3.1 ± 0.7
DHA/EPA 1.0 ± 0.0 1.4 ± 0.0 1.3 ± 0.0
DHA/ArA 7.1 ± 0.7 13.5 ± 0.3 3.1 ± 0.0
EPA/ArA 7.2 ± 0.5 9.4 ± 0.2 2.3 ± 0.0
[5 ]   
Results
No mortality was observed during the experiments and there were no significant differences 
in body weight between the tilapia fed the different diets at the end of the feeding period. 
Administration of ASA did not result in mortality in the experimental period, nor caused 
changes in motility, behaviour or appetite, while macroscopic analysis of the stomachs at the 
end of the experiments revealed no haemorrhages.
Fatty acid profiles of gill, kidney, and muscle tissues sampled prior to confinement (t = 
0) and 24 h  after confinement (t = 24 h) are listed in table 3. The dietary enrichment with ArA 
resulted in significantly higher ArA in gill tissues, both before and after confinement (P < 
0.001). Gill ArA levels were also elevated when ASA was administered at the end of the 
feeding trial (P < 0.001). In kidneys, ArA + ASA resulted in a significant elevation (P = 0.009) 
of tissue ArA levels compared to the low ArA diet. The DHA/ArA ratios were significantly 
reduced in gills and muscle by ArA feeding compared to the control (P = 0.011 and 0.007, 
respectively). This effect was augmented by ASA administration in both tissues (control vs. 
ArA + ASA, P = 0.008 and 0.001, respectively). In muscle tissues the EPA/ArA ratios were 
also significantly reduced by the combination of ArA and ASA (P = 0.041). The 5 min 
confinement resulted in m arked changes in fish of all treatments after 24 h. Gill tissues
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exhibited a significant decrease (P = 0.044) in the levels of monounsaturates, as well as a 
significant increase (P = 0.015) in the EPA levels after confinement. In kidneys, the levels of 
monounsaturates dropped significantly (P = 0.001) 24 h  after confinement, whereas 
polyunsaturates increased (P = 0.027), mainly due to changes in the n-3 PUFA (P = 0.020). In 
addition, DHA, EPA, and ArA levels increased considerably after confinement (P = 0.007,
0.032, and 0.011, respectively). In muscles, the levels of LA exhibited a significant (P = 0.026) 
decrease 24 h after confinement, whereas EPA levels increased significantly (P = 0.050).
Administration of ASA resulted in significantly elevated plasma levels of salicylate, 
compared to the control and the ArA-enriched group that did not receive ASA (P < 0.001; 
table 2). Circulating PGE2 levels were slightly, but not significantly, elevated by dietary 
supplementation with ArA, compared to the control group. Subsequent ASA administration 
depressed PGE2 levels, though not significantly (table 2).
Basal plasma cortisol levels were unaffected by ArA-supplementation and ASA 
treatment (figure 1). Within 5 min after net-confinement cortisol levels were significantly 
elevated compared to all other time-points (P < 0.001). The cortisol levels at t = 30 min were 
significantly different (P = 0.003) from those prior to confinement (Tukey's Post Hoc test).
The interaction between dietary treatment and time of sampling was also significant (P <
0.001). Because of this interaction, the samples collected after 5 and 30 min were analysed 
separately from those collected prior to confinement and 24 h afterwards. The cortisol levels 
of the ArA + ASA treated tilapia after 5 and 30 m in were significantly higher than the 
controls (P = 0.012, Two-way ANOVA and Tukey's Post Hoc test). [5]
Plasma glucose levels increased in all treatments within 5 m in after confinement (P <
0.001) and levels remained significantly elevated (P < 0.001) for at least 30 min, but had 
returned to basal levels after 24 h. The glucose response to confinement did not differ 
substantially between treatments (figure 2).
Plasma lactate levels were significantly elevated within 5 min (P < 0.001) and remained 
elevated 30 min (P < 0.001) after confinement in all treatments. After 30 min lactate levels of 
the ArA-treated fish were significantly lower than the controls (P = 0.014) and after 24 h 
lactate levels had returned to basal in all treatments (figure 3).
In all treatments plasma osmolality showed a significant increase within 5 m in after 
net-confinement compared to the pre-confinement levels fish from the same treatments (P <
0.001), and osmolality remained higher 30 min later (P = 0.029). However, there were no 
differences between the treatments. After 24 h, plasma osmolality was significantly lower 
than at t = 0 in all three dietary treatments (P = 0.004; table 4). Plasma sodium levels 
increased considerably in all three dietary treatments within 5 m in after confinement (P <
0.001), but were no longer significantly elevated after 30 min. This response was similar in all 
treatments (table 4). Net-confinement caused a reduction in plasma potassium levels in all 
treatments within 5 min (P < 0.001) and levels remained lower than basal for 30 min (P =
0.002), as well as 24 h  later (P = 0.001), with no differences between treatments. The changes
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in plasma chloride were similar to sodium, with a significant elevation in all treatments 
within 5 m in (P = 0.030), and no differences between treatments (table 4).
Branchial Na+, K+-ATPase activity was reduced in all treatments 24 h after confinement, 
compared to the activity prior to confinement in the same treatment (P = 0.001). The ATPase 
activity in the high ArA group was also significantly lower (P = 0.049) than the activity in the 
controls. ArA in combination with ASA resulted in the lowest Na+, K+-ATPase activity, which 
was significantly different from the control fish (P < 0.001; figure. 4). Tilapia fed the high 
ArA pellets for 14 days in the additional feeding trial exhibited a significantly higher renal 
Na+, K+-ATPase activity (5.63 ± 0.25 pmol Pi/hour/mg; P = 0.016) than the controls (4.48 ± 0.29 
pmol Pi/hour/mg). The branchial Na+, K+-ATPase activity of these fish was not significantly 
affected (1.27 ± 0.21 in the controls, 1.15 ± 0.23 pmol Pi/hour/mg in the ArA-fed fish).
Basal tPRL188 levels were not affected by dietary treatment, while the ArA + ASA 
treatment significantly elevated plasma tPRL177 values (P = 0.018) compared to the control 
(figure 5). Both basal plasma T3 and T4 levels were slightly elevated by ArA- 
supplementation, although not significantly. However, the combination of ArA with ASA 
resulted in a significant elevation of plasma T3 compared to the control treatment (P = 0.024; 
figure 6).
The Na+, K+-ATPase activity of gill homogenates was significantly reduced by the 
addition of free ArA in the incubation media in a dose dependent manner (figure 7). The IC50 
of ArA was approximately 30 pmol/l (P < 0.001, compared to 1% methanol). When PGE2 was
[5 ]  added to the medium, it significantly reduced the Na+, K+-ATPase activity at a concentration 
of 1 and 20 pM PGE2 (P = 0.030 and 0.050, respectively), compared to the activity in the 
control (1% methanol).
The addition of free ArA to the incubation m edium inhibited the Na+, K+-ATPase 
activity of renal tissue homogenates almost completely at 300 pmol/l. The IC50 of ArA on 
renal homogenates was approximately 60 pmol/l (P < 0.001, compared to 1% methanol; 
figure. 7). PGE2 in the medium significantly inhibited the renal Na+, K+-ATPase activity at 10 
and 20 pM PGE2 (P = 0.002 and 0.008, respectively), while at 60 pM PGE2 the activity was 
significantly higher (P = 0.039) than at 1% methanol.
Table 2. Basal plasma levels of salicylate and PGE2. Blood samples were taken 
4 hours after the last dose of ASA, prior to confinement (means ± SE, n = 10).
Treatments were compared to the control: *** P < 0.001 (One-way ANOVA,
Tukey's Post Hoc).
Treatment Salicylate (pmol/l) PGE2 (nmol/l)
Control 87.0 ± 5.8 0.83 ± 0.17
ArA 121.6 ± 14.0 1.22 ± 0.22
ArA + ASA 396.9 ± 55.8"’ 0.61 ± 0.31
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Table 3. Selected (categories of) fatty adds (%TFA) of gill (A), kidney (B), and muscle tissues (C): samples were taken at the end of the feeding period (18 days), 
with the control, ArA-enriched diet, or ArA-enrichment followed by ASA treatment (ArA + ASA). Values are means ± SE (n = 5). Significant P-values of the two- 
way ANOVA for the factors dietary treatment and confinement are listed in the last two columns. There were no interactions between the two fadors.
A Gill Control ArA ArA + ASA P-value
Oh 24 h Oh 24 h Oh 24 h Treatment Confinement
Saturates 30.5 ± 0.8 33.1 ±0.7 32.4 ±1.0 32.0 ±1.6 31.7 ±0.4 31.6 ±1.7
Monounsaturates 43.2 ± 0.9 41.2 ±1.2 41.5 ±0.5 40.6 ± 0.8 42.2 ±1.4 38.0 ± 2.4 0.044
Polyunsaturates 26.6 ± 1.4 26.1 ± 1.5 26.5 ±0.7 27.8 ± 1.3 26.5 ± 1.4 30.8 ±1.0
n-3 Polyunsaturates 17.5 ±1.1 17.5 ±1.3 17.7 ±0.7 18.4 ±1.3 17.4 ±1.1 20.7 ±0.6
n-6 Polyunsaturates 7.4 ± 0.9 6.6 ±0.2 6.7 ±0.1 7.1 ±0.2 7.1 ±0.2 7.8 ± 0.4
n-3/n-6 2.5 ± 0.3 2.7 ±0.2 2.6 ±0.1 2.6 ±0.2 2.4 ±0.1 2.7 ±0.1
a-LNA (18:3n-3) 1.4 ±0.4 1.0 ±0.1 0.9 ±0.0 0.9 ±0.0 0.9 ±0.1 1.0 ±0.0
LA (18:2n-6) 4.9 ± 0.2 4.8 ±0.2 4.8 ±0.1 4.9 ±0.1 5.0 ±0.2 5.4 ±0.2
a-LNA/LA 0.3 ±0.1 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.045 1
DHA (22:6n-3) 8.6 ±0.8 8.8 ±0.6 8.9 ±0.3 9.4 ±0.7 8.7 ±0.4 10.2 ±0.3
EPA (20:5n-3) 2.1 ±0.1 2.3 ±0.2 2.5 ±0.1 2.7 ±0.3 2.2 ±0.2 3.0 ±0.1 0.015
ArA (20:4n-6) 0.7 ±0.0 0.8 ±0.1 1.1 ±0.2 1.1 ±0.1 1.1 ±0.1 1.2 ±0.2 < 0.0012
DHA/EPA 4.1 ±0.3 3.9 ±0.2 3.6 ±0.1 3.6 ±0.3 4.0 ±0.3 3.4 ±0.1
DHA/ArA 11.6 ±0.8 12.0 ±1.3 8.7 ±1.2 8.5 ±0.3 8.1 ±0.7 9.0 ±1.1 0.0043
EPA/ArA 2.9 ±0.1 3.2 ±0.5 2.4 ± 0.3 2.4 ±0.2 2.1 ±0.3 2.6 ± 0.3
1 Post Hoc test (Tukey): no significant differences between treatments.
2 Post Hoc test: control vs. ArA, P < 0.001 and control vs. ArA + ASA, P < 0.001.
3 Post Hoc test: control vs. ArA, P = 0.011 and control vs. ArA + ASA, P = 0.008.
Table 3. [Continued]
B Kidney Control ArA ArA + ASA P-value
Oh 24 h Oh 24 h Oh 24 h Treatment Confinement
Saturates 46.7 ±1.1 47.5 ± 2.1 48. ± 1.9 51.7 ±2.5 44.8 ± 1.1 40.9 ± 5.4
Monounsaturates 39.9 ± 3.2 34.2 ± 2.7 37.8 ±1.7 26.5 ± 4.8 36.4 ± 3.6 32.8 ±3.6 0.011
Polyunsaturates 13.5 ±2.3 18.3 ± 3.6 14.1 ±1.1 20.5 ± 4.3 19.1 ±4.1 26.6 ±5.0 0.027
n-3 Polyunsaturates 6.0 ±1.9 10.7 ±3.6 6.8 ± 1.0 12.6 ± 3.9 10.5 ±3.5 17.4 ±4.1 0.020
n-6 Polyunsaturates 6.4 ±0.6 6.8 ±0.4 6.3 ±0.2 6.7 ±0.5 7.4 ± 0.5 8.1 ±0.9
n-3/n-6 0.9 ±0.2 1.6 ±0.5 1.1 ±0.1 1.8 ±0.4 1.3 ±0.4 2.1 ±0.4 0.013
ct-LNA (18:3n-3) 0.3 ±0.0 0.3 ±0.0 0.3 ±0.0 0.2 ±0.0 0.3 ±0.1 0.3 ±0.0
LA (18:2n-6) 3.1 ±0.1 3.2 ±0.2 2.8 ± 0.6 2.5 ±0.1 2.9 ±0.1 3.2 ±0.3
a-LNA/LA 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0
DHA (22:6n-3) 3.4 ±0.9 7.2 ± 2.3 4.5 ± 0.6 8.3 ±2.8 6.7 ±2.5 12.0 ±2.6 0.007
EPA (20:5n-3) 0.6 ±0.0 2.0 ±0.8 0.8 ±0.2 2.0 ±0.6 1.6 ±0.6 2.8 ±0.7 0.032
ArA (20:4n-6) 1.7 ±0.4 2.2 ±0.3 1.9 ±0.1 2.5 ±0.4 2.5 ± 0.4 3.8 ±0.6 0.0164 0.011
DHA/EPA 8.3 ±0.3 4.9 ±0.8 6.0 ±0.9 4.5 ±0.9 4.0 ± 1.2 4.7 ±0.5
DHA/ArA 2.6 ±0.1 3.1± 0.7 2.5 ± 0.3 3.1 ±0.7 2.4 ±0.7 3.1 ±0.4
EPA/ArA 0.3 ±0.0 0.8 ±0.3 0.4 ±0.1 0.8 ±0.2 0.6 ±0.1 0.7 ±0.1 0.031
4 Post Hoc test: control vs. ArA + ASA, P = 0.009.
Table 3. [Continued]
C Muscle Control ArA ArA + ASA P-value
Oh 24 h Oh 24 h Oh 24 h Treatment Confinement
Saturates 34.3 ± 2.4 33.6 ± 0.3 38.1 ±2.7 37.7 ±3.1 32.1 ± 1.3 34.8 ±1.7
Monounsaturates 27.9 ± 3.2 27.7 ±2.3 28.4 ± 2.0 25.7 ± 1.8 29.0 ± 2.2 24.5 ± 1.9
Polyunsaturates 38.1 ± 2.4 38.9 ± 2.4 34.2 ± 2.2 36.7 ±2.7 39.1 ± 2.0 40.9 ± 2.2
n-3 Polyunsaturates 28.9 ± 2.2 30.1 ±2.1 25.6 ±2.1 28.8 ± 1.6 29.0 ±1.7 31.2 ±2.0
n-6 Polyunsaturates 7.5 ± 0.4 7.0 ± 0.4 6.7 ±0.3 6.3 ±1.1 7.7 ±0.4 8.2 ±0.6
n-3/n-6 3.9 ±0.2 4.3 ±0.2 3.9 ±0.3 5.3 ±1.2 3.8 ±0.2 3.9 ±0.3
ct-LNA (18:3n-3) 0.5 ±0.0 0.5 ±0.1 0.5 ±0.0 0.5 ±0.1 0.6 ±0.1 0.5 ±0.1
LA (18:2n-6) 4.2 ±0.3 3.6 ±0.2 3.8 ±0.3 3.4 ±0.3 4.2 ±0.3 3.8 ±0.2 0.026
ct-LNA/LA 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0
DHA (22:6n-3) 18.8 ± 1.9 20.1 ± 2.0 16.3 ±1.9 18.7 ±1.3 18.6 ±1.7 21.1 ±1.8
EPA (20:5n-3) 3.5 ±0.3 3.6 ±0.3 3.0 ±0.2 3.8 ±0.2 3.4 ±0.0 3.7 ±0.2 0.050
ArA (20:4n-6) 1.6 ±0.3 1.5 ±0.1 1.5 ±0.1 1.8 ±0.1 1.9 ±0.3 2.2 ±0.3
DHA/EPA 8.9 ±0.9 7.8 ± 0.4 7.1 ±0.2 7.2 ±0.3 7.7 ±0.6 8.4 ±0.8
DHA/ArA 12.5 ±0.9 13.8 ± 0.2 11.2 ±0.8 10.3 ± 0.5 10.2 ±0.9 9.9 ±0.5 < 0.0015
EPA/ArA 2.4 ± 0.2 2.5 ±0.2 2.1 ±0.2 2.1 ±0.1 2.0 ± 0.4 1.8 ±0.2 0.050 6
5 Post Hoc test: control vs. ArA, P = 0.007 and control vs. ArA + ASA, P = 0.001.
6 Post Hoc test: control vs. ArA + ASA, P = 0.041.
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Figure 1. The effect of supplementation of ArA or ArA + ASA on plasma 
cortisol responses of tilapia to 5 min net-confinement. Samples were collected 
from non-stressed fish (t = 0) and from fish after confinement (5 min, 30 min, 
and 24 h). Fish were confined starting 4 h after the last dose of ASA (means ± 
SE, n = 10). If the values at one of the time-points differed significantly from t = 
0, this is indicated in the legend (*** P < 0.001), and differences from the control 
group are indicated with asterisks over the bars (** P < 0.010; Two-way 
ANOVA, Tukey's Post Hoc test).
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Figure 2. The effect of ArA or ArA + ASA, and confinement on plasma glucose 
levels. Samples were collected from non-stressed fish (t = 0) and from fish after 
net-confinement (5 min, 30 min, and 24 h). Fish were confined starting 4 h after 
the last dose of ASA (means ± SE, n = 10). Significant differences from t = 0 are 
indicated with asterisks in the legend: *** P < 0.001 (Two-way ANOVA, Tukey's 
Post Hoc test).
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Figure 3. The effect of ArA or ArA + ASA, and confinement on plasma lactate 
levels. Samples were collected from non-stressed fish (t = 0) and from fish after 
net-confinement (5 min, 30 min, and 24 h). Fish were confined starting 4 h after 
the last dose of ASA (means ± SE, n = 10). Significant differences from t = 0 are 
indicated with asterisks in the legend: *** P < 0.001 (Two-way ANOVA, Tukey's 
Post Hoc test).
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Figure 4. Basal gill Na+, K+-ATPase activity immediately before (t = 0) and 24 h 
after net-confinement in control and ArA or ArA + ASA fed tilapia. Samples 
were collected 4 h after the last dose of ASA (means ± SE, n = 10). Significant 
differences from the control are indicated with asterisks over the bars: * P < 0.05, 
*** P < 0.001 (Two-way ANOVA, Tukey's Post Hoc test).
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Figure 5. The effect of supplementation of ArA or ArA + ASA administration on 
plasma PRL177 and PRL188 of tilapia. Samples were collected 4 h after the last 
dose of ASA (means ± SE, n = 5). The significant difference with the control is 
indicated with an asterisk above the bar: * P < 0.05 (One-way ANOVA, Tukey's 
Post Hoc test).
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Figure 6. Plasma T3 and T4 levels after ArA supplementation or ArA + ASA. 
Samples were collected 4 h after the last dose of ASA (means ± SE; n = 5). The 
significant difference with the control is indicated with an asterisk above the 
bar: * P < 0.05 (One-way ANOVA, Tukey's Post Hoc test).
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Figure 7. The inhibition of Na+, K+-ATPase activity in branchial (A) and renal (B) tissue by free ArA 
(solid line) and free PGE2 (dotted line) in the incubation media containing 1% methanol (means ± SE, n = 
10). The Na+, K+-ATPase activity in 1% methanol without ArA and PGE2 is presented as 100% and the 
activities were compared to the activity in the ArA and PGE2-free medium for significance. Significant 
differences are indicated with asterisks: * P < 0.05, ** P < 0.01, *** P < 0.001 (Repeated measures 
ANOVA).
Table 4. Plasma osmolality and ion levels before and after net confinement (means ± SE; n = 10). Samples 
were collected before (t = 0) and after net-confinement (5 min, 30 min, 24 h). See for significant differences 
the Results section.
Treatment Time
(min)
Osmolality
(mOsm/kg)
Sodium
(mmol/l)
Potassium
(mmol/l)
Chloride
(mmol/l)
Control 0 337.3 t  5.0 176.3 t  1.8 4.5 t  0.1 168.3 t  1.0
5 357.9 t  6.3 185.4 t  2.2 4.1 t  0.2 171.9 t  1.8
30 345.1 t  5.6 181.1 t  2.8 4.2 t  0.2 170.9 t  1.8
24 h 321.4 t  2.9 169.6 t  2.7 3.8 t  0.2 165.4 t  1.9
ArA 0 331.4 t  1.3 174.6 t  1.9 4.6 t  0.2 167.2 t  1.4
5 361.1 t  3.3 187.2 t  2.7 3.9 t  0.2 176.6 t  1.7
30 339.2 t  5.0 184.7 t  2.3 4.1 t  0.2 173.2 t  2.1
24 h 319.6 t  2.2 177.6 t  3.0 4.0 t  0.1 169.3 t  2.0
ArA + ASA 0 327.8 t  3.5 182.7 t  1.5 4.8 t  0.3 170.6 t  1.2
5 354.0 t  4.7 194.3 t  4.5 3.5 t  0.2 172.9 t  2.2
30 339.2 t  2.9 177.1 t  4.5 3.7 t  0.3 166.2 t  3.7
24 h 320.3 t  2.3 175.4 t  3.0 3.9 t  0.2 165.8 t  3.4
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Discussion
Tilapia have been shown to be able to convert LA into ArA and the activities of the required 
desaturase and elongase enzymes are increased when a diet low in PUFAs is fed (O. niloticus; 
Olsen et al., 1990; Tocher et al., 2002). Nevertheless, tilapia that were fed the ArA- 
supplemented diet in the present study contained higher tissue ArA levels than those fish 
fed the low ArA diet. This suggests that the diet was the predominating factor influencing 
tissue lipid composition and the endogenous conversion from LA into ArA did not 
contribute markedly to tissue levels of this fatty acid. Another factor affecting lipid 
composition is that EPA, DHA, and ArA compete for the incorporation into phospholipids, 
resulting in an inverse relationship between these fatty acids in the tissues (Bell et al., 1995a, 
b). While the levels of EPA and DHA were not significantly affected in kidneys and gills by 
ArA supplementation, the DHA/ArA and EPA/ArA ratios were reduced as a result of higher 
tissue ArA levels. On the other hand, the low DHA/ArA and EPA/ArA in the kidneys were 
markedly lower than these ratios in the diets, suggesting the selective incorporation of ArA 
into the renal membranes. In a previous study we have shown that ASA administration 
reduced the COX activity in kidney homogenates of tilapia (chapter 4). It is interesting that 
in the present study the combination of ArA enrichment and ASA caused an elevation of 
tissue ArA levels in kidneys. Possibly, this was caused by the reduction of the conversion of 
ArA into eicosanoids by inhibition of the COX enzymes by ASA, resulting in increased levels 
of ArA in a free form or available for re-incorporation into membrane phospholipids. In both
[5] cases this would lead to elevated ArA levels in the total lipid fraction.
When the tilapia were subjected to 5 min of confinement to induce a stress response, 
this had clear effects on the fatty acid profiles, particularly of the kidneys, after 24 h. These 
changes might reflect an increased aerobic metabolism, which is primarily fuelled by 13- 
oxidation of specific (groups of) fatty acids in fish. Monounsaturated fatty acids are generally 
preferred over saturated fatty acids for oxidation, which in turn are preferred over 
polyunsaturated fatty acids in fish (McKenzie et al., 2000). Indeed, both relative and absolute 
levels (results not shown) of monounsaturated fatty acids were considerably lower after 
confinement in the kidneys of our tilapia, while the polyunsaturated fatty acids increased in 
parallel.
In humans, administration of ASA reduced the release of cortisol in response to 
hypoglycaemia, vasopressin, and exercise, indicating that PGs had a stimulatory effect on the 
induced adrenal steroidogenesis (Cavagnini et al., 1979; Di Luigi et al., 2001; Nye et al., 1997). 
Similarly, ASA treatment reduced both basal and stressor-induced levels of cortisol in tilapia 
fed a diet relatively low in ArA (1% of total fatty acids; chapter 4). It therefore seemed 
reasonable that feeding a diet enriched with ArA, resulting in higher levels of incorporated 
ArA, would enhance the production of PGs. Following the previous observations, this would 
have a cortisol-promoting effect, when the fish were exposed to a stressor. However, the 
dietary supplementation with ArA did not result in substantial changes in the basal cortisol
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levels, nor did it cause a stronger response to confinement in the present study. Interestingly, 
when the ArA-supplemented tilapia were treated with ASA prior to confinement, it resulted 
in significantly lower basal levels of cortisol, comparable to what has been found before 
(chapter 4). On the other hand, the ASA treatment did not attenuate the stressor-induced 
increase in cortisol, but in stead resulted in a significantly stronger cortisol response. This 
argues against a steroidogenesis-promoting effect of inducible PGs in tilapia, at least under 
these conditions of a relatively high dietary input of ArA. The fact that neither ArA nor ASA 
treatment substantially affected plasma PGE2 levels might reflect the relatively small 
contribution of PGs in the release of cortisol. Then again, PGs are local hormones with a fast 
turnover (Smith, 1989), and circulating levels might not be a good representative of altered 
levels of released and metabolized ArA.
ArA is released from cell membranes by the stressor-induced activation of 
phospholipases (Axelrod et al., 1988; Buschbeck et al., 1999; Cooke, 1999). It is unlikely that 
the release of ArA was directly affected by ASA treatment as ASA does not alter the activity 
of PLA2 (Hibbeln et al., 1989). Hence, it is possible that after ASA administration the levels of 
intracellular ArA increased, as the conversion of ArA into PGs was (partially) blocked. 
Steroidogenesis is largely controlled by protein kinase A (PKA) and protein kinase C (PKC) 
in the steroid producing cells and free ArA can interfere with the receptor-mediated 
signaling pathways that control the activity of these protein kinases in mammals (Axelrod et 
al., 1988; Kallen et al., 1998; Naor, 1991). More specifically, moderate levels of intracellular 
ArA has been shown to stimulate the activity of PKC, while higher concentrations enhanced [5]  
steroidogenesis by inhibiting PKC (McPhail et al., 1984). Lacroix and Hontela (2001) 
confirmed that PKA and PKC are also involved in steroidogenesis in fish, with PKC 
inhibiting steroidogenesis and PKA stimulating cortisol synthesis. In this way, ASA feeding 
might have augmented the steroidogenesis-promoting effects of ArA-supplementation, 
leading to higher cortisol levels than after ArA feeding alone. The fact that ArA 
supplementation had no effect on the cortisol levels prior to the stress challenge is consistent 
w ith this hypothesis, as it requires ArA to be released intracellularly by stressor-induced 
factors before it can have an effect on steroidogenesis.
When confinement triggered the release of ArA in our fish, and at the same time the 
COX-enzymes were blocked by ASA, this might also have directed free ArA to other 
enzymatic pathways. This could be relevant, as in mammals the lipoxygenase and 
epoxygenase metabolites are potent modulators of the release of cortisol at various levels 
(see the Introduction). However, as mentioned before, the administration of ASA resulted in 
elevated ArA levels in kidneys suggesting that an important route for the metabolization of 
ArA was the COX-pathway, at least in the tested tissues. We can only speculate how this has 
affected the alternative eicosanoid pathways and the eicosanoid production in the pituitary 
and interrenal cells of fish.
The increased demand for energy metabolites during stress is met by the immediate
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release of catecholamines, that enhance glycogenolysis in liver and decreasing glycogenesis 
(Vijayan et al., 1997; Wendelaar Bonga, 1997). As expected, hyperglycaemia occurred in all 
treatments within 5 min, lasting until at least 30 min after net-confinement and followed by 
full recovery to pre-stress levels after 24 h. Although previous work showed that ASA 
treatment alone attenuated the stress-related hyperglycaemia at 10 mg ASA/kg (chapter 4), 
in this study 100 mg/kg ASA was not sufficient to eliminate the stressor-induced 
hyperglycaemia, when this was preceded by dietary ArA supplementation. Stress-associated 
lactacidemia, observed in all treatments within 5 min after confinement, points to incomplete 
oxidation as a result of hypoxemia in muscle cells (Vijayan et al., 1997; Wendelaar Bonga, 
1997). When tilapia were administered ASA at a low dietary intake of ArA the lactacidemia 
induced by confinement was reduced (chapter 4). The present study did not confirm the 
involvement of PGs in the occurrence of lactacidemia, as neither ArA supplementation nor 
ASA treatment altered the confinement-induced increase in plasma lactate levels.
Tilapia depend largely on the osmoregulatory hormone prolactin for survival in 
freshwater (Ayson et al., 1993; Shepherd et al., 1999; McCormick, 2001). PGs have been 
identified as the second messengers induced by prolactin in the osmoregulatory organs of 
fish (Beckman and Mustafa, 1992; Horseman and Meier, 1978). In addition, PGs, as well as 
ArA -independent of COX conversion- can induce prolactin release from pituitary cells in 
mammals (Bihoreau et al., 1990; Kolesnick et al., 1984; Ojeda et al., 1979). The results from the 
present experiments also show that ArA supplementation slightly elevated tPRL177. This
[5 ]  effect was enhanced by ASA treatment to a significant level, suggesting a stimulatory effect 
of free intracellular ArA on prolactin release. Also plasma levels of T3 were significantly 
enhanced by the combination of ArA supplementation and ASA treatment. Thyroid 
hormones are not only involved in growth and metamorphosis of fish, but are also thought 
to contribute to osmoregulation mainly by supporting the actions of cortisol in both 
freshwater and seawater (Reddy and Lam, 1992; Peter et al., 2000; McCormick, 2001; Power 
et al., 2001). The interaction between PGs and thyroid hormones certainly deserves more 
detailed investigation.
Pickford et al. (1970) reported that prolactin decreased branchial Na+, K+-ATPase 
activity in freshwater killifish, but it simultaneously enhanced the Na+, K+-ATPase activity in 
the kidneys, thereby promoting sodium retention. Similarly, while the branchial Na+, K+- 
ATPase activity was reduced by ArA supplementation in our tilapia, the additional feeding 
trial showed that ArA feeding indeed enhanced the renal Na+, K+-ATPase activity. It is 
therefore possible that ArA supplementation caused an increase in renal Na+, K+-ATPase as a 
compensatory response to the reduced branchial ATPase activity via an enhanced release of 
prolactin. In addition, free ArA clearly inhibited the Na+, K+-ATPase activity of both renal 
and branchial homogenates in vitro: the IC50 of renal tissue was 60 pmol/l ArA, compared to 
30 |omol/l of branchial Na+, K+-ATPase. The effect of free PGE2 was less clear and varied with 
the concentration in the medium, corresponding with both inhibitory and stimulatory effects
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of PGs on renal ion transport that have been described previously (Smith, 1989). The 
inhibitory effect of ArA seen in vivo and in vitro is in line with earlier findings that 
unsaturated fatty acids, including ArA, were capable of inhibiting the Na+, K+-ATPase 
activity in vitro. This was either the result of altered membrane characteristics, or caused by 
direct interactions of ArA with sodium-pump protein sub-units, resulting in a decreased 
enzyme affinity for extracellular K+ (Swann, 1984; Swarts et al., 1990; Haag et al., 2001).
In all treatments, plasma osmolality, sodium and chloride levels increased after net- 
confinement in a similar way, while plasma potassium exhibited a transient decrease.
Despite the changes in tPRL177, T3, and Na+, K+-ATPase activity of kidneys and gills, neither 
ArA nor ASA had an effect on the confinement-induced changes in plasma osmolality and 
ion levels. The release of catecholamines after exposure to an acute stressor causes an 
increased branchial perfusion and enhanced diffusion capacity, which in freshwater fish is 
often associated by an efflux of plasma ions (Wendelaar Bonga, 1997). Yet, a transient 
increase in osmolality (and ions) due to movement of plasma water out of the circulation into 
the tissues has also been observed in freshwater tilapia during experimental stress (Okimoto 
et al., 1994), and such an effect would explain the increase in plasma osmolality observed 
here.
In conclusion, dietary ArA supplementation resulting in elevated ArA tissue levels 
revealed the involvement of ArA, or metabolites other than PGs, in the regulation of 
hormone release, stressor-induced secretion of cortisol, and osmoregulatory enzymes. These 
effects appear to occur when the dietary intake of ArA exceeds the dietary requirement [5]  
leading to higher levels of free intracellular ArA, which are enhanced further by ASA 
inhibition of the COX enzymes. This results in free ArA and/or its derived alternative 
eicosanoids acting as second messengers that can positively or negatively modulate 
intracellular signalling pathways.
Acknowledgements
The authors thank Dr. G. Kissil (IOLR-NCM, Eilat, Israel) who kindly provided the specially 
prepared food pellets, O. Nixon (IOLR-NCM) for the fatty acid analyses, Dr. A. Cross 
(Nijmegen University Hospital St. Radboud, The Netherlands) for performing the 
measurements of thyroid hormones, and Prof. T. Hirano (Hawaii Institute of Marine Biology, 
University of Hawaii) for the determination of the prolactins. We thank the department of 
Epidemiology and Biostatistics (Nijmegen University Hospital St. Radboud) for their advice 
on the statistical analyses.
85

SALT-GRILLED SEA BREAM (Tai Shioyaki)
Fish Cookery in 1971 and 1972, it seemed necessary to ap 
including a few Japanese recipes such as this one. Then 
Japanese and Chinese ideas were effortlessly incorpo 
»ire: now they are taken for granted. Sashimi (see the fol
een the ------------------------------------------------- is been
>h in mo offered a
CHAPTER6
Tt i f d a th ■ e c eThe effects of arachidomc acid on the stress response 
nd such andosmoregulatory capacity of seawater-adapted tilapia , only in
(Oreochromis mossambicus)
n a sma rapture
uantity (
er of fisl VanAnholt,R .D v Spanings,F.A.Tv Koven, W .M .,Nixon,O.,W endelaar Bonga, S.E.
lar sea bream known to them as tai. They regard tai a; 
he lucky fish to be eaten on ceremonial occasions, since 
ling happy. ‘This kind of symbolic pun... helps the Jap 
iony with nature. To the Japanese, nothing on earth, e1 
in isolation; everything must be accorded to its rightf 
me of things. All aspects of a creature, its soul, i1 
1 its name, are duly honoured.’ I like that idea.
erves 6
sea bream each weighing approx. 500 g (1 lb) scaled 
nadulterated sea salt
ow the pectoral fin and take out the innards: wash the 
em, then calculate two per cent of their weight in salt 
und 30 g (1 oz). Put the fish on a plate and pour the s
Abstract Previous studies have shown that dietary supplementation with the
polyunsaturated fatty acid arachidonic acid (ArA, 20:4n-6) enhances the release of the stress­
hormone cortisol and osmoregulatory hormones, as well as enhance the branchial Na+, K+- 
ATPase activity of Mozambique tilapia (Oreochromis mossambicus). To determine whether 
such changes would affect the osmoregulatory capacity, tilapia were adapted to seawater 
(SW, 34%), and were then subjected to net confinement to induce an acute stress response. 
Feeding a diet high in ArA enhanced the ArA content of gills and kidneys and reduced the 
ratios of docosahexaenoic acid DHA and EPA to ArA in these tissues. In contrast, the ArA 
levels remained unchanged in muscle tissues, while tissue DHA and EPA levels dropped. 
ArA feeding also affected both the levels of monounsaturated and polyunsaturated fatty 
acids in muscles and reduced the n-3/n-6 ratios in muscle as well as gills. When the tilapia 
were subjected to 5 min of net confinement to induce a stress response, there was a relatively 
minor effect on the fatty acid compositions of the tested tissues after 24 h. ArA- 
supplemented SW adapted tilapia exhibited higher basal plasma cortisol levels than fish fed 
the control diet with a low ArA content. Plasma cortisol levels returned to basal within 30 
min after confinement in the controls, but remained elevated in the ArA-fed fish for 24 h. 
ArA-supplementation caused enhanced basal levels of plasma lactate, though the response 
to confinement was not affected. On the other hand, the plasma glucose response was 
significantly higher in the ArA-fed tilapia than in the controls. ArA-supplemented tilapia 
showed markedly lower ionic disturbances after confinement, suggesting that ArA can be 
beneficial during SW adaptation by reducing the osmoregulatory disturbances associated 
with stress. The increase in plasma cortisol, followed by the enhanced osmoregulatory 
capacity and the positive effect of ArA on these processes is remarkably similar to the 
changes seen in salmonids undergoing parr-smolt transformation.
Introduction
The Mozambique tilapia (Oreochromis mossambicus) are remarkably salinity tolerant and they 
can be gradually adapted to more than 61% seawater (SW), although a direct transfer to 
35% SW results in acute mortality (Dange, 1985; Prunet and Bornancin, 1989). One of the 
physiological changes as a result of SW adaptation in tilapia is the strong decrease in the 
plasma levels of prolactin (PRL)i77 and PRL188, hormones which stimulate sodium retention 
in freshwater (Yada et al., 1994; Morgan et al., 1997). At the same time, the plasma levels of 
cortisol and growth hormone (GH) show a transient increase, and these hormones are 
thought to act synergistically to increase the activity of the main ion pump, Na+, K+-ATPase, 
located in the chloride cells in the gill filaments and opercular membranes (Assem and 
Hanke, 1981; McCormick, 1995; Morgan et al., 1997). In addition, cortisol administration has 
been shown to induce the appearance of chloride cells on the lamellae in O. mossambicus, a 
feature that is also typical for SW teleosts (Dang et al., 2000).
Increased levels of cortisol and an enhanced branchial Na+, K+-ATPase activity are 
physiological changes observed during the parr-smolt transformation and seaward 
migration of salmonids (Shrimpton and McCormick, 1998; McCormick, 2001). During this 
process of smoltification, tissue fatty acid compositions change from a typical freshwater
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pattern, relatively low in polyunsaturated fatty acids (PUFA), to a marine pattern, 
particularly rich in the long chain PUFA arachidonic acid (ArA, 20:4n-6), eicosapentaenoic 
acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3; Bell et al., 1997; Tocher et al.,
2000). These fatty acids are stored in membrane phospholipids and are released in response 
to stress-associated signals (Axelrod et al., 1988; Smith, 1989; Buschbeck et al., 1999). Once 
released they can be converted into eicosanoids: into prostaglandins and thromboxanes via 
the cyclooxygenase (COX) pathway, into leukotrienes and hydroxyeicosatetraenoic acids 
(HETEs) by lipoxygenases, and into epoxyeicosatraenoic acids (EETs) by epoxygenases.
These metabolites are involved in the release of several hormones with osmoregulatory 
capacities, including PRL and cortisol (see for instance Horseman and Meier, 1978; Mustafa 
and Srivastava, 1989; chapters 4 and 5). In addition, prostaglandins can modify the Na+, K+- 
ATPase activity thereby influencing ion-transport in osmoregulatory organs of gills and 
kidneys of fish (Mustafa and Srivastava, 1989). The production of prostaglandins in 
osmoregulatory organs appears to be controlled by the external salinity. For instance, gill 
and kidney tissues of SW adapted trout (Oncorhynchus mykiss) contained higher 
concentrations of various prostaglandins than of FW trout. In vitro  tests with gill 
homogenates of rainbow trout confirmed that the prostaglandin E2 (PGE2) synthesis 
increased with increasing sodium and potassium concentrations in the medium. That this 
association is not always consistent, is demonstrated by the observation that the levels of 
prostaglandins were higher in European eel (Anguilla anguilla) adapted to FW than in SW 
adapted eel (Brown et al., 1991).
Tilapia are able to convert LA into ArA via desaturation and elongation enzymes that 
are induced when long chain PUFA levels drop below those required for phospholipid 
synthesis (O. niloticus; Olsen et al., 1990; Tocher et al., 2002). Even so, in FW O. mossambicus 
dietary supplementation with ArA resulted in an elevated incorporation of ArA into tissue [6]  
phospholipids, particularly in kidneys (chapter 5). In addition, it was shown in that study 
that ArA had an effect on the release of cortisol, PRL177, and T3, which are known to have 
osmoregulatory functions in fish (Wendelaar Bonga, 1997; McCormick, 2001). This suggests 
that dietary ArA has potential to alter the osmoregulatory capacity in fish, although stressor- 
induced changes in plasma osmolality and ion levels did not differ between dietary ArA 
treatments in FW tilapia (chapter 5).
The objective of the present study was to determine whether dietary supplementation 
with ArA would alter the stress response of tilapia adapted to full strength SW (34%). In 
addition, the tilapia were subjected to an acute stressor consisting of 5 min of confinement, to 
investigate how dietary ArA affected their capacity to maintain their osmoregulatory 
balance.
Methods and materials
Fish. Male and female FW tilapia (Oreochromis mossambicus) were obtained from laboratory
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stock (University of Nijmegen, The Netherlands). The fish were maintained in aerated, 
partially re-circulated and filtered tap water at 25 °C. They were exposed to a 12-hour 
photoperiod and acclimated for 4 weeks, during which they were fed standard pellets at 2% 
of their body weight per day (crude protein 38%, total lipid 10%, ash 10%, moisture 8%; TI- 
4.5 Tilapia, Trouw Nutrition, France). The fatty acid profile of these pellets is listed in table 1 
where sample preparation and fatty acid analyses were performed as described in chapter 2.
Experimental set-up and stress challenge. Forty tilapia, reared in FW from hatching, were 
divided into 4 groups of 10 fish, with 2 groups per treatment. Artificial seawater (Aqua 
Medic Sea Salt, Bissendorf, Germany) was added at a constant flow, increasing the salinity to 
34% (1000 mOsm/l) over a 7-day period. After a 2-week acclimation period at full SW the 
standard pellets were replaced by the experimental diets for another 2 weeks at daily rations 
of 2% body weight. Two types of 4 mm pelleted diets, with a low (0.7 ± 0.1% of total fatty 
acids) and high level of ArA (3.1 ± 0.7% of total fatty acids) respectively, were used and were 
previously described in chapter 5. The fatty acid compositions were determined according to 
the method in chapter 2 and the compositions are listed in table 1. Two groups were fed 
control pellets with low ArA and the other 2 groups were fed the ArA-rich pellets. At the 
end of this period 5 fish of each treatment were sampled for baseline values (t = 0) and the 
remaining tilapia were immediately subjected to 5 min confinement in a submerged dip-net. 
After confinement they were released back into the aquarium and fish were sampled after 5 
min, 30 min, and 24 h. After capture for sampling the fish were anaesthetized in a 2% 2- 
phenoxyethanol solution and blood samples were immediately collected from the caudal 
vein using heparinised needles. Plasma was separated after centrifugation and stored at -20 
°C until analysis for cortisol, glucose, lactate, osmolality, sodium, chloride, and potassium 
(chapter 4). Tissue samples of gills, muscle and kidney were collected to detemine their fatty
[6 ]  acid content. Tissue samples were stored frozen (-20 °C) and freeze-dried just prior to 
analysis of fatty acids according to the method described in chapter 2. In addition, gill arches 
were dissected and stored frozen in SEI-buffer (300 mM sucrose, 20 mM Na2EDTA, 100 mM 
imidazole, pH 7.4 with Hepes-Tris) until analysis of Na+, K+-ATPase activity as described in 
chapter 4.
Statistical analysis. Data are expressed as means ± SE. Two-way ANOVA analyses were 
applied to determine whether treatments and/or time of sampling had significant effects on 
the parameters tested. Cortisol data were log-transformed prior to analysis and the 
percentage data of fatty acids were arcsine transformed. Post Hoc Multiple Comparison tests 
(Tukey's honestly significant difference) were used to determine which time-points differed 
significantly. A two-sided t-test (unpaired samples) was used to determine the difference 
between the basal values of plasma lactate of both dietary treatments. Significance was 
accepted at P < 0.05 (SPSS Inc. Software).
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Results
No mortality was observed during the acclimation or the experimental period. There was 
also no marked effect of ArA supplementation on growth. The mean weight of the control 
fish increased from 80.0 ± 2.5 g, just prior to SW adaptation, to 103.9 ± 3.3 g at the end of SW 
adaptation and the feeding trial. The ArA-supplemented fish grew from 81.0 ± 2.8 g to 105.9 
± 4.9 g during the same period.
ArA supplementation significantly enhanced the tissue ArA levels of gills and kidneys 
(P = 0.047 and 0.015, respectively; table 2). In addition, the increase in ArA levels coincided 
with significant reductions of the DHA/ArA ratio in gills and kidneys (P = 0.005 and 0.017, 
respectively), as well as the EPA/ArA ratios in those tissues (P = 0.013 and 0.006, 
respectively). The DHA/EPA ratio on the other hand, increased in kidney tissues after ArA 
feeding (P = 0.033). In contrast, ArA levels in muscle remained unchanged, while tissue DHA 
and EPA levels were reduced by ArA feeding (P = 0.039 and 0.014, respectively). ArA 
feeding substantially increased (P = 0.036) the total level of monounsaturated fatty acids in 
muscle and reduced the levels of polyunsaturated fatty acids (P = 0.035). This was mainly 
due to a decrease (P = 0.016) in n-3 polyunsaturates, which was accompanied by a reduction 
in the n-3/n-6 ratio in muscles (P = 0.002). Though none of the categories of saturated or 
unsaturated fatty acids were markedly affected in the gills, ArA feeding significantly (P = 
0.002) reduced the n-3/n-6 ratio, whereas in kidneys only the saturated fatty acids decreased 
(P = 0.047). Confinement caused a substantial increase in the DHA/EPA ratio in kidneys (P = 
0.014) and an increase in the n-3/n-6 ratio in muscles (P = 0.027) after 24 h.
Confinement significantly enhanced (P < 0.001) the plasma cortisol levels, which was 
due to the increase observed within 5 min after confinement, when cortisol levels were 
elevated compared to all other time points (P < 0.023; figure 1). Overall, the ArA- 
supplemented tilapia had significantly higher (P < 0.001) plasma cortisol levels than in the 
controls. In addition, ArA-supplementation affected the response to confinement indicated 
by the strong interaction between the two factors (P = 0.004; figure 1).
Tilapia that were fed the high ArA diet had markedly higher plasma glucose levels 
than the controls (P = 0.001) and glucose levels increased substantially after confinement (P < 
0.001). ArA-supplementation also significantly altered the response to confinement (P = 
0.016). Plasma glucose levels were elevated after 5 and 30 min after confinement (P = 0.035 
and P < 0.001, respectively) compared to t = 0, but returned to pre-confinement levels after 24 
h  (figure 2).
While neither dietary ArA, nor confinement, had a marked effect on plasma lactate 
levels after confinement (2-way ANOVA), basal levels of ArA-supplemented fish were 
significantly higher than the controls when compared with a separate t-test (P = 0.022; figure
3).
Plasma osmolality was unaffected by ArA supplementation, although confinement 
resulted in a significant increase in plasma osmolality (P < 0.001) in both treatments. Within 5
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min after confinement plasma osmolality increased in all fish (P < 0.001), remaining elevated 
for at least 30 min (P = 0.002) and returning to basal after 24 h  (P = 0.063; figure 4).
Plasma sodium levels were substantially lower in the ArA fed fish than in the controls 
(P = 0.014). Confinement induced a significant increase (P = 0.018) in the sodium levels, 
which was mainly caused by the increase observed within 5 min (P = 0.008; figure 5a). 
Similarly, plasma chloride levels were enhanced by confinement (P = 0.001) in both 
treatments, but the levels were markedly lower in the ArA fed tilapia (P = 0.009). At 5 min 
after confinement plasma chloride levels were significantly higher than at t = 30 min and t = 
24 h  (P = 0.001 and 0.012, respectively; figure 5b). Although the mean plasma potassium 
levels did not differ significantly between dietary treatments nor between time-points, the 
response of the ArA supplemented fish was significantly different from the controls, 
indicated by the strong interaction between the two factors (P = 0.015; figure 5c).
The branchial Na+, K+-ATPase activities increased in both the control and ArA- 
supplemented fish 24 h  after confinement: from 7.11 ± 0.68 to 8.53 ± 0.79 pmol Pi/hour/mg 
protein in the controls and from 8.41 ± 0.85 to 9.29 ± 0.79 pmol Pi/hour/mg protein in the 
supplemented tilapia respectively. However, there were no significant differences between 
treatments.
Table 1. Overview of the major (categories of) fatty acids of the standard 
(commercial) diet and the two experimental diets: the control ('low ArA') 
and the ArA-enriched pellets ('high ArA', see M ethods and materials). 
Fatty acids were determined in triplicates and expressed as percentages of 
total fatty acids (means ± SE).
[6]
Diet Standard Low ArA High ArA
Saturates 31.1 ± 2.1 38.4 ± 9.4 36.5 ± 10.6
Monounsaturates 31.6 ± 1.0 31.1 ± 4.8 28.6 ± 3.1
Polyunsaturates 37.7 ± 1.1 30.7 ± 4.6 35.4 ± 7.7
n-3 Polyunsaturates 20.5 ± 1.8 19.9 ± 2.9 21.0 ± 4.7
n-6 Polyunsaturates 14.4 ± 1.0 8.5 ± 1.3 11.8 ± 2.5
n-3/n-6 1.5 ± 0.2 2.3 ± 0.0 1.8 ± 0.0
a-LNA (18:3n-3) 2.2 ± 0.7 1.1 ± 0.1 1.1 ± 0.2
LA (18:2n-6) 9.4 ± 0.8 7.6 ± 1.2 8.4 ± 1.8
a-LNA/LA 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0
DHA (22:6n-3) 7.6 ± 0.3 9.3 ± 1.4 9.5 ± 2.1
EPA (20:5n-3) 7.8 ± 0.6 6.5 ± 1.0 7.1 ± 1.6
ArA (20:4n-6) 1.1 ± 0.2 0.7 ± 0.1 3.1 ± 0.7
DHA/EPA 1.0 ± 0.0 1.4 ± 0.0 1.3 ± 0.0
DHA/ArA 7.1 ± 0.7 13.5 ± 0.3 3.1 ± 0.0
EPA/ArA 7.2 ± 0.5 9.4 ± 0.2 2.3 ± 0.0
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Table 2. Overview of the major (categories of) fatty acids, expressed as percentages of total fatty acids, of gill 
(A), kidney (B), and muscle tissues (C): samples were taken at the end of the feeding period, with the control 
('low' ArA) or ArA enriched ('high ArA') diet (means ± SE of 5 individual fish). Significant P-values of the 
two-way ANOVAs, for the dietary treatment (ArA) and confinement respectively, are listed in the last two 
columns.
A Gill Control ArA P-value
0 h 24 h 0 h 24 h ArA Confinement
Saturates 
Monounsaturates 
Polyunsaturates 
n-3 Polyunsaturates 
n-6 Polyunsaturates 
n-3/n-6
33.5 ± 0.9
27.6 ± 1.3 
39.1 ± 1.7
26.7 ± 1.1 
10.5 ± 0.7 
2.6 ± 0.2
33.3 ± 1.4
28.0 ± 1.9
39.0 ± 1.7
26.6 ± 1.3 
10.2 ± 0.6
2.6 ± 0.1
34.2 ± 0.9
27.3 ± 1.6 
38.7 ± 1.8
25.2 ± 1.1 
11.5 ± 0.8
2.2 ± 0.1
31.4 ± 1.7
28.8 ± 0.7
39.9 ± 2.2 
26.0 ± 1.3 
11.8 ± 0.8 
2.2 ± 0.1 0.002
a-LNA (18:3n-3) 
LA (18:2n-6) 
a-LNA/LA
0.5 ± 0.1 
5.1 ± 0.1 
0.1 ± 0.0
0.5 ± 0.1 
4.8 ± 0.3 
0.1 ± 0.0
0.9 ± 0.3 
4.5 ± 0.3 
0.2 ± 0.1
0.6 ± 0.1 
5.1 ± 0.2 
0.1 ± 0.0 0.046
DHA (22:6n-3) 
EPA (20:5n-3) 
ArA (20:4n-6) 
DHA/EPA 
DHA/ArA 
EPA/ArA
17.0 ± 0.8
2.7 ± 0.1
3.7 ± 0.5 
6.4 ± 0.3 
4.9 ± 0.6 
0.8 ± 0.1
17.1 ± 1.0 
2.5 ± 0.2 
3.7 ± 0.5
6.9 ± 0.3
4.9 ± 0.6 
0.7 ± 0.1
15.7 ± 1.8
2.4 ± 0.1
5.0 ± 0.6
6.5 ± 0.4
3.1 ± 0.2 
0.5 ± 0.0
16.4 ± 1.3
2.4 ± 0.2
4.9 ± 0.8
6.9 ± 0.4
3.5 ± 0.3 
0.5 ± 0.1
0.047
0.005
0.013
B Kidney Control ArA P-value
0 h 24 h 0 h 24 h ArA Confinement
Saturates 
Monounsaturates 
Polyunsaturates 
n-3 Polyunsaturates 
n-6 Polyunsaturates 
n-3/n-6
31.3 ± 1.7
23.7 ± 0.9
45.2 ± 1.9
33.3 ± 1.7
10.7 ± 0.4 
3.1 ± 0.1
33.3 ± 2.5 
27.1 ± 1.6 
39.9 ± 2.1
28.7 ± 2.1
9.7 ± 0.6 
3.0 ± 0.3
36.9 ± 2.5 
25.5 ± 1.6 
38.0 ± 3.4 
25.4 ± 3.2 
10.8 ± 0.6 
2.3 ± 0.2
36.4 ± 1.3
23.8 ± 1.4 
40.1 ± 2.2
28.5 ± 2.3 
10.3 ± 0.3
2.8 ± 0.3
0.047
a-LNA (18:3n-3) 
LA (18:2n-6) 
a-LNA/LA
0.4 ± 0.1 
4.8 ± 0.2 
0.1 ± 0.0
0.4 ± 0.0 
4.4 ± 0.2 
0.1 ± 0.0
0.4 ± 0.0 
4.1 ± 0.2 
0.1 ± 0.0
0.4 ± 0.0 
4.1 ± 0.2 
0.1 ± 0.0
0.015
DHA (22:6n-3) 
EPA (20:5n-3) 
ArA (20:4n-6) 
DHA/EPA 
DHA/ArA 
EPA/ArA
20.5 ± 1.2
5.6 ± 0.5 
4.4 ± 0.4
3.7 ± 0.1
4.8 ± 0.5 
1.3 ± 0.1
17.4 ± 1.4
3.9 ± 0.4
3.9 ± 0.3
4.5 ± 0.1
4.6 ± 0.8 
1.0 ± 0.2
15.6 ± 2.1
3.6 ± 0.6 
5.2 ± 0.5 
4.5 ± 0.2 
3.0 ± 0.3 
0.7 ± 0.1
18.4 ± 1.9 
4.0 ± 0.3 
4.9 ± 0.2 
4.6 ± 0.2 
3.8 ± 0.4 
0.8 ± 0.1
0.015
0.033 0.014
0.017
0.006
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Table 2. [Continued]
C Muscle Control ArA P-value
0 h 24 h 0 h 24 h ArA Confinement
Saturates 33.4 ± 0.6 32.9 ± 0.4 33.6 ± 1.2 33.4 ± 0.6
Monounsaturates 24.0 ± 1.3 22.6 ± 1.3 26.8 ± 1.0 25.3 ± 0.8 0.036
Polyunsaturates 42.8 ± 0.9 44.6 ± 1.6 39.9 ± 1.7 41.5 ± 1.1 0.035
n-3 Polyunsaturates 33.2 ± 0.9 35.5 ± 1.4 30.3 ± 1.5 31.8 ± 1.1 0.016
n-6 Polyunsaturates 8.3 ± 0.2 8.0 ± 0.2 8.3 ± 0.2 8.4 ± 0.2
n-3/n-6 4.0 ± 0.1 4.5 ± 0.1 3.6 ± 0.1 3.8 ± 0.2 0.002 0.027
a-LNA (18:3n-3) 0.6 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.1
LA (18:2n-6) 4.8 ± 0.3 4.2 ± 0.2 4.8 ± 0.1 4.6 ± 0.2
a-LNA/LA 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
DHA (22:6n-3) 22.0 ± 1.0 24.5 ± 1.4 20.2 ± 1.1 21.1 ± 1.1 0.039
EPA (20:5n-3) 3.7 ± 0.2 3.7 ± 0.1 3.1 ± 0.2 3.2 ± 0.2 0.014
ArA (20:4n-6) 1.9 ± 0.2 2.1 ± 0.2 1.9 ± 0.1 2.0 ± 0.2
DHA/EPA 6.1 ± 0.5 6.6 ± 0.2 6.4 ± 0.3 6.6 ± 0.5
DHA/ArA 11.7 ± 0.7 12.1 ± 0.7 10.3 ± 0.2 10.6 ± 0.7 0.027
EPA/ArA 2.0 ± 0.2 1.9 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 0.025
[6]
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Figure 1. The effect of supplementation of ArA on 
plasma cortisol responses of SW adapted tilapia to 5 
min net-confinement. Samples were collected just 
prior to confinement (t = 0) and after 5 min, 30 min, 
and 24 h: o controls, •  ArA-fed tilapia. Values 
represent means ± SE of 5 fish. Significant effects of 
the factors ArA supplementation, time after air 
exposure, and/or interactions are indicated with 
asterisks: * P < 0.05, ** P < 0.010, *** P < 0.001 (Two­
way ANOVA).
Figure 2. The effect of ArA and confinement on 
plasma glucose levels of SW adapted tilapia. Samples 
were collected from non-stressed fish (t = 0) and from 
fish after net-confinement (5 min, 30 min, and 24 h): 
o controls, •  ArA-fed tilapia (means ± SE, n = 5).
i ?
!m
O
E
360
350
340
S° 330
320
6]
tim e (min)
10 20 30
time (min)
0
0
Figure 3. The effect of ArA and confinement on 
plasma lactate levels of SW adapted tilapia. Samples 
were collected from non-stressed fish (t = 0) and from 
fish after net-confinement (5 min, 30 min, and 24 h): 
o controls, •  ArA-fed tilapia (means ± SE, n = 5).
Figure 4. Plasma osmolality before (t = 0) and after 
net-confinement (t = 5, 30 min, and 24 h) in the SW 
adapted tilapia, fed either the control diet or the ArA- 
rich diet: o controls, •  ArA-fed tilapia (means ± SE, n = 
5).
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Figure 5. Plasma ion levels before (t = 0) and after net- 
confinement (t = 5, 30 min, and 24 h) in SW adapted 
tilapia, fed either a control or an ArA-rich diet: o controls, 
•  ArA-fed tilapia (means ± SE, n = 5). A. Sodium; B. 
Chloride; C. Potassium.
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Discussion
After a total of 4 weeks of SW acclimation the basal levels of cortisol, glucose, and lactate of 
the control fish resembled those found in unstressed FW tilapia in chapters 4 and 5, 
indicating that these fish were fully adapted to SW. Moreover, the response to 5 min net- 
confinement of the SW control tilapia was practically identical to that of the FW controls in 
that study. This is in line with the findings of Nolan et al. (1999), who found no difference in 
the cortisol response to 2 h  confinement between fully adapted SW and FW tilapia.
All tissues appeared to have selectively incorporated DHA, as the tissue levels were 
considerably higher than the dietary fraction in both experimental diets. Nevertheless, ArA 
was incorporated more than DHA, particularly in gills and kidneys, and was elevated in fish 
fed the ArA supplemented diet. EPA, DHA, and ArA compete for incorporation into 
membrane phospholipids. The (non-significant) decrease in EPA and DHA with the 
corresponding significant increase in ArA in the gills and kidneys of tilapia fed the ArA 
supplemented diet suggests that selective competition among these essential fatty acids for 
membrane incorporation is occurring (Bell et al., 1995a, b). Interestingly, the DHA and EPA 
levels of muscles were clearly reduced by the high dietary intake of ArA, where ArA levels 
remained the same in both dietary treatments. Confinement had relatively little effect on the 
fatty acid composition in SW adapted tilapia, which is in contrast to the changes observed in 
FW tilapia, where levels of monounsaturates and polyunsaturates as well as DHA, EPA, and 
ArA had changed 24 h  after exposure to a stressor (chapter 5).
EPA and ArA compete for the same eicosanoid producing enzymes, and the EPA/ArA 
ratio will determine the predominant type of eicosanoids formed, even though the affinity of 
these enzymes is higher for ArA (Henderson et al., 1985; Bell et al., 1995b). As tilapia (O. 
mossambicus) is capable of synthesising eicosanoids from ArA, the elevated phospholipid 
levels of ArA will most likely result in increased ArA-derived eicosanoid levels 
(Bandyopadhyay et al., 1982). Various eicosanoids have been shown to modulate the 
sensitivity of the mammalian hypothalamus-pituitary-adrenal (HPA) axis, which is triggered 
in response to stressors and results in the release of cortisol (Abou-Samra et al., 1986; Stone et 
al., 1989; Zacharieva et al., 1992; Won and Orth, 1994; Nye et al., 1997; Yamazaki et al., 2001). 
In our SW adapted tilapia the dietary supplementation with ArA resulted in substantially 
higher basal levels of cortisol, comparable to the cortisol levels observed in the stressed fish 
of the control group. The already strongly elevated basal cortisol levels in the ArA- 
supplemented fish made it also unlikely that they would be able to respond to confinement 
with a further increase in plasma cortisol. An elevated cortisol secretion was also observed 
after we fed the same ArA-supplemented diet to FW tilapia, but only during stress; basal 
levels remained unaffected in that study (chapter 5). The stimulatory effect of ArA- 
supplementation on stressor-induced release of cortisol in FW tilapia was however not 
mediated by prostaglandins, but appeared to be the result of direct interactions of ArA with 
hormone release. Prostaglandins seemed more important in the regulation of the basal
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release of cortisol and in the stress response of FW tilapia fed a diet low in ArA (chapters 4 
and 5). Alternatively, ArA can modulate the release of the second messengers that initiate 
steroidogenesis, independently of conversion into prostaglandins. In addition, ArA can 
function as a second messenger itself and directly stimulate steroidogenesis by altering the 
activity of protein kinase (PKA) and protein kinase C (PKC), that regulate the production of 
cortisol (Axelrod et al., 1988; Naor, 1991; Lopez-Ruiz et al., 1992; Lacroix and Hontela, 2001). 
The mechanism regulating the secretion of cortisol in the SW adapted fish remains unclear 
but we suggest that the SW adaptation enhanced the ArA-mediated control of cortisol 
synthesis, resulting in the high levels of both basal and stressor-induced cortisol.
The main source of blood glucose during the early stress phase is catecholamine- 
induced glycogenolysis. While cortisol can also induce hyperglycaemia by enhancing 
gluconeogenesis, this usually takes up to 6 h  to occur in tilapia (Barton et al., 1988; Vijayan et 
al., 1997). Dietary supplementation with ArA clearly enhanced the hyperglycaemic response 
to confinement within 30 min, which suggests a stronger catecholamine response in the ArA- 
fed tilapia and/or an enhanced response of liver cells. In contrast, the glucose response 
remained unaffected by ArA-supplementation in FW tilapia, indicating a differentiating 
effect of the external salinity (chapter 5). It was not possible to determine the catecholamine 
release with the present experimental design so the mechanism involved remains to be 
determined. It is possible that dietary supplementation with ArA affected catecholamine 
release, although there is only limited information available supporting this hypothesis. 
Nevertheless, Yokotani et al. (2001) demonstrated that cyclooxygenase metabolites, most 
likely ArA-derived PGE2 and thromboxane A2, mediated the release of the catecholamines 
adrenaline and noradrenaline in response to corticotrophin releasing factor (CRF) in rat 
brains. On the other hand, earlier studies have shown that ArA and prostaglandins affected
[6 ]  carbohydrate metabolism in mammals (Curnow and Nuttal, 1972; Sacca et al., 1974; Lang et 
al., 1988) and a similar process might have occurred in our tilapia.
The SW tilapia fed the ArA-rich diet exhibited strongly elevated lactate levels before 
confinement, but the post-confinement levels were similar to those of the control fish. The 
elevated basal lactate levels however seem to contradict the high basal levels of cortisol, as 
cortisol would have increased gluconeogenesis and thus reduced plasma lactate levels 
(Wendelaar Bonga, 1997). The present results also do no correspond to our previous findings 
in FW tilapia (chapter 5). In that study ArA-supplementation did not alter basal levels of 
lactate, but reduced the amplitude of the lactate response to confinement. Possibly, the 
supplementation with ArA interfered with the processes controlling gluconeogenesis, 
resulting in lower levels of lactate. Skalski et al. (2001) suggesting something similar, when 
they found that feeding a diet rich in n-6 PUFA augmented the lactate response to exercise in 
rats. They contributed this to reduced gluconeogenesis caused by n-6 PUFA 
supplementation, which was independent of its conversion into prostaglandins. However, in 
their study the basal levels of lactate remained unchanged.
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The branchial Na+, K+-ATPase activity of non-stressed fish in this study was markedly 
higher in the SW adapted tilapia than in those maintained in FW in our previous 
experiments (chapter 5). This is in line with other studies, which showed that the branchial 
Na+, K+-ATPase activity of tilapia increased within several days after transfer to SW (Hwang 
et al., 1989; Morgan et al., 1997), and remained elevated for at least several weeks after 
transfer (Dharmamba et al., 1975; Nolan et al., 1999). Remarkably, in FW tilapia ArA- 
supplementation clearly reduced the branchial ATPase activity, whereas the renal ATPase 
activity increased at the same time. This was associated with a simultaneous increase in 
PRL177, which might have inhibited the Na+, K+-ATPase activity in the gills. Furthermore, the 
IC50 for ArA-induced inhibition of the Na+, K+-ATPase activity was lower in the gills than in 
kidneys, suggesting that gills were more sensitive to ArA (chapter 5). Shiraishi et al. (1999) 
demonstrated that in addition to a reduction of the circulating levels of PRL after SW 
adaptation, the PRL receptor gene expression in the gills of O . mossambicus was reduced as 
well. Hence, it is unlikely that dietary ArA exerts its inhibitory effect on the ATPase activities 
via PRL in SW adapted tilapia.
Both the control and ArA-fed fish exhibited a strong increase of plasma osmolality, 
sodium, and chloride after confinement, suggesting a catecholamine-induced increase in 
membrane permeability caused by the acute stressor (Wendelaar Bonga, 1997). The high 
catecholamine release, which occurs in response to acute stressors, increases the respiratory 
surface area of the gills and decrease the vascular resistance. This will inevitably increase the 
passive inward diffusion of ions and the loss of water in SW. The osmotic and ionic balance 
of the fish can be further compromised by an increase in the permeability of the tight- 
junctions that control the diffusion of ions via the paracellular pathway of the branchial 
epithelium (McCormick, 1995). Although the increase in Na+, K+-ATPase activity after ArA- 
supplementation was not significant, the ArA-fed tilapia showed considerably lower ionic [6]  
disturbance after net-confinement, suggesting an improved capacity to regulate water and 
ions. The attenuated increase in plasma sodium and the simultaneous decrease in plasma 
potassium also suggest an enhanced active counter-transport by Na+, K+-ATPase, possibly in 
the kidneys, though this could not be confirmed as the kidney samples were processed only 
for fatty acid analysis.
Smoltification of salmon is associated with an increase in circulating levels of cortisol 
and GH and an almost simultaneous increase of the branchial Na+, K+-ATPase activity prior 
to the seaward migration. Cortisol is known to stimulate the branchial Na+, K+-ATPase 
activity in vivo as well as in vitro (McCormick, 1996; Shrimpton and McCormick, 1998). 
Interestingly, the parr-smolt transformation is also associated with an increase in the 
desaturation/elongation activity converting C18 precursors into ArA, DHA, and EPA, which 
is presumably induced by an increased photoperiod (Bell et al., 1997; Tocher et al., 2000). The 
increase in tissue ArA levels appeared to be part of the pre-adaptive response to facilitate the 
transfer to SW in salmonids. This was confirmed by the observation that salmon smolts fed
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an ArA-enriched vegetable oil based diet had the highest ArA content in gill polar lipids and 
the lowest plasma chloride levels after a SW challenge, indicating an improved 
osmoregulatory capacity (Tocher et al., 2000). These results suggest that the regulation of 
PUFA content of osmoregulatory tissues might be a mechanism that promotes survival in a 
hypoosmoregulatory environment. A similar process could be achieved by dietary ArA- 
supplementation in tilapia, which resulted in markedly higher ArA levels in the gills and 
kidneys involved in osmoregulation, but not in muscle. Moreover, the fractions of ArA, EPA 
and DHA in kidneys and gills of tilapia adapted to SW were more than twice as high as in 
FW tilapia of a comparable study (chapter 5).
Dietary ArA-supplementation might improve the culture of tilapia in brackish or 
seawater, making them less vulnerable to ionic disturbances, caused by acute stressors. 
However, the elevated levels of cortisol after ArA-supplementation also indicate that ArA 
can have detrimental effects and that the optimal dietary level of ArA should be determined, 
resulting in optimal tissue EPA/ArA ratios. The results also emphasize the importance of 
dietary PUFA for physiological processes, which should be kept in mind when developing 
alternative sources of dietary fat for fish feeds in aquaculture. It might very well be that the 
replacement of fish oils in commercial feeds with vegetable oils, containing lower levels of 
long chain PUFA, might have adverse consequences for the osmoregulatory performance of 
the fish.
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Abstract In this study the influence of the dietary level of the polyunsaturated fatty 
acid arachidonic acid (ArA, 20:4n-6) was determined on the acute stress response and 
osmoregulation of adult gilthead seabream (Sparus aurata L.). Seabream were fed either a diet 
w ith 0.9% or with 2.4% ArA of total fatty acids for 18 days before being subjected to 5 min 
net confinement. Prior to this acute stressor, a subgroup from both dietary treatments was 
treated with acetylsalicylic acid (ASA), an irreversible blocker of cyclooxygenase (COX). This 
would indicate whether any effects were caused by an enhanced synthesis of prostaglandins 
derived from ArA. The highest ArA levels were found in the kidneys, which were further 
enhanced by dietary ArA-supplementation. In gill tissues confinement resulted in significant 
changes in all selected fatty acid classes after 24 h, except for the DHA/EPA ratio. ArA 
feeding strongly reduced the cortisol response to confinement, which was partially 
counteracted by ASA treatment. ArA also attenuated the stress-associated increase in plasma 
osmolality, while the combination with ASA enhanced the osmolality and plasma chloride 
levels, but reduced plasma sodium levels after confinement. Furthermore, ArA enhanced the 
branchial Na+, K+-ATPase activity both before and after confinement, whereas feeding ASA 
diminished this effect. It appeared that the effects of ArA-supplementation could not always 
be subscribed to an increase in prostaglandin synthesis. It is advisable to determine the long­
term effects of replacements of fish oils in commercial diets with vegetable oils that contain 
no long chain fatty acids, particularly in  carnivorous/marine species, with low fatty acid 
elongation and desaturation activities.
Introduction
Like most marine fish species studied so far, gilthead seabream (Sparus aurata L.) have an 
essential requirement for the polyunsaturated fatty acids (PUFA) eicosapentaenoic acid 
(EPA, 20:5n-3), docosahexaenoic acid (DHA, 22:6n-3), and arachidonic acid (ArA, 20:4n-6) to 
enable optimal growth and survival. However, as the desaturase and elongase activities, 
necessary to synthesize these long chain PUFA from shorter carbon chain precursors, are 
very low, all three essential PUFA have to be provided in the diet (Mourente and Tocher, 
1994; Tocher and Ghioni, 1999; Bell and Sargent, 2003). Dietary enrichment with ArA not 
only improved growth and survival in larval seabream (Bessonart et al., 1999), but it also 
reduced the stress-related mortality that occurred after handling and tank transfer (Koven et 
al., 2001a). However, higher levels of ArA (~6 mg ArA/g dry weight in Artemia nauplii) 
became detrimental when the larvae were under conditions of chronic stress (chapter 2).
ArA is selectively incorporated into cellular phospholipids, especially 
phosphatidylinositol, despite the general abundance of n-3 PUFA in phospholipids of fish 
tissues (Linares and Henderson, 1991). While the structural contribution of ArA to the 
membrane appears to be limited, ArA can be rapidly converted into eicosanoids, which can 
function as endocrine, paracrine and/or autocrine modulators of secretory mechanisms in 
various organs (Bihoreau et al., 1990; Lands, 1991). The conversion process begins when 
stress-related triggers induce the release of ArA within 5-60 sec by activating 
phospholipases, mainly PLA2 (Axelrod et al., 1988; Smith, 1989; Buschbeck et al., 1999). It is 
often assumed that the effects of dietary ArA on fish are mainly due to its function as a
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precursor to these eicosanoids, particularly the prostaglandins of the 2-series (Beckman and 
Mustafa, 1992; Harel et al., 2001; Bell and Sargent, 2003). The prostaglandins are known to 
control a wide variety of physiological processes in mammals as well as in fish, including 
respiratory and cardiovascular output (McKenzie, 2001), ovulation and spawning behaviour, 
oocyte maturation, nervous system function, osmoregulation (Mustafa and Srivastava, 1989), 
and immune functions (Rowley et al., 1995). Furthermore, prostaglandins can modulate the 
sensitivity of the hypothalamus-pituitary-adrenal (HPA) axis in mammals at various levels 
and alter the release of cortisol and corticosterone in the stress response (Zacharieva et al.,
1992; Nye et al., 1997; Wang et al., 2000). In teleost fish the release of cortisol is controlled by 
the analogous hypothalamic-pituitary-interrenal (HPI) axis (Wendelaar Bonga, 1997). Several 
studies have found indications that ArA, and other PUFA, are involved in the regulation of 
cortisol release in fish as well (Gupta et al., 1985; Wales, 1988). Moreover, dietary 
supplementation with ArA clearly reduced the cortisol response of seabream larvae to air 
exposure, while it enhanced cortisol levels under conditions of chronic stress (chapter 3).
The present study was designed to establish the influence of the dietary level of ArA on 
the response of adult seabream to an acute stressor. This could be relevant as attempts are 
being made to replace fish oil as a source of lipids in the production of fish feeds by 
vegetable oils. These oils contain no C20 and C22 PUFA, which might lead to deficiencies, 
particularly in marine fish that depend on a dietary source of these long chain fatty acids 
(Bell, 1998). More specifically, several studies have indicated that effects of dietary ArA 
during the stress response could be attributed to an increased production of the 2-series 
prostaglandins (see for instance Gupta et al., 1985; Harel et al., 2001). Acetylsalicylic acid 
(ASA) is an irreversible blocker of the COX pathway, which is responsible for the conversion 
of ArA into prostaglandins (Smith, 1989). The administration of ASA was an effective and 
stress-free method for the in vivo inhibition of the COX pathway in Mozambique tilapia, 
Oreochromis mossambicus (chapter 4). Therefore, subgroups from each of the low and high 
ArA treatments were fed ASA before they were subjected to an acute stressor to investigate 
role of ArA and prostaglandins in the stress response.
[7]
Methods and materials
The experiments described in this study were conducted in accordance with the current law 
on animal experimentation in the Netherlands.
Fish. Male and female gilthead seabream (Sparus aurata) were obtained from a 
commercial hatchery (Vendée Aquaculture, La Faute sur Mer, France) at an approximate 
weight of 5 g. They were raised in the laboratory of the University of Nijmegen and were fed 
commercial pellets for seabream and seabass (crude protein 46%, total lipid 20%, ash 10%, 
water 5%; Filia LDX, Trouvit) at 2% of their body weight. The fatty acid profile of these 
pellets is listed in table 1. Fish were kept in re-circulated synthetic seawater (Aqua Medic Sea 
Salt) of 34% and 20 °C with a 12-h photoperiod. The recirculation system was equipped with
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a protein skimmer, biological filter, and UV-sterilising unit.
Experimental diets. Two types of 4 mm pelleted diets (The National Centre for 
Mariculture, Eilat, Israel) were used, similar to those described in chapter 5. These diets were 
identical in their protein, lipid, and micronutrient levels (crude protein 45%, total lipid 19%, 
ash 11%, and water 8%), but differed in their fatty acid composition. In the 'low ArA' pellets, 
fish oil (predominantly capelin oil) was incorporated at 10% of the pellet dry weight, which 
contained moderate levels of DHA, EPA, and LA, while having low levels of ArA. In the 
other diet 10% of the fish oil fraction was replaced with ARASCO, an ArA-rich oil (40% ArA 
of total fatty acids; Martek Biosciences, Columbia, MD, USA) to give a final ArA level of 2.4 ± 
0.0% of total fatty acids (high ArA diet), compared to 0.9 ± 0.0% of total fatty acids in the low 
ArA diet. This corresponded to 1.9 mg ArA/g and 0.6 m g ArA/g dry weight in the high and 
low ArA pellets, respectively. ARASCO is a  highly purified ArA-rich oil extracted from the 
fungus Mortierella alpina, containing ~40% ArA of total fatty acids. The fatty acid 
compositions of the pellets were determined according to chapter 2 and the results are listed 
in table 1.
Experimental design and stress challenge. In two consecutive trials 160 seabream (80.7 ± 1.2 
g) from the same cohort were used. Each trial included 80 seabream, which were equally 
divided according to weight into 8 groups of 10 fish. Four groups of 10 fish were fed low 
ArA containing pellets, while the other 4 groups were fed the high ArA containing pellets. 
All fish were fed daily rations of 2% of their body weight for a period of 18 days. At the end 
of this period, 2 groups of 10 fish of each treatment received 3 doses of ASA in two days (100 
mg/kg body weight, based on mean weight per group). ASA was incorporated into gelatine 
capsules together with crushed pellets and were eaten voluntarily within 5 min, according to 
the method described in chapter 4. On the second day, approximately 4 h  after receiving 
their last meal or dose of ASA, several fish were sampled for baseline values. Our previous 
observations indicated that plasma salicylate levels peaked around 5 h  after administration 
before declining to basal over 15 h  in tilapia (chapter 4). Confinement was therefore timed in 
such a  way that the fish would experience any stressor-induced peak in plasma cortisol
[7 ]  whilst plasma salicylate levels were still increasing. As plasma salicylate measurements are 
corrected for blank readings (less than 0.14 mmol/l), the salicylate in control fish was likely 
from dietary origin such as vegetable material, a  known source of natural salicylates. The 
remaining fish were immediately subjected to the stress challenge, which consisted of 5 m in 
of confinement in a  submerged dip-net. After confinement they were released back into the 
aquarium and were sampled after 20 min, 60 min, or 24 h. Fish were anaesthetized in a 2% 2- 
phenoxyethanol solution and blood samples were immediately collected from the caudal 
vein with heparinised needles. Plasma samples were collected after centrifugation (16,000 g, 
5 min) and stored at -20 °C until analysis. Tissue samples of gills, muscle and kidney were 
removed immediately and stored at -30 °C until analysis. Gill arches were dissected and 
stored frozen in SEI-buffer (300 mM sucrose, 20 mM Na2EDTA, 100 mM imidazole, pH 7.4
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with Hepes-Tris) until analysis of Na+, K+-ATPase activity. Plasma and gill samples were 
processed and analysed as described in chapter 4.
The in vitro effect of free A rA  on Na+, K+-ATPase activity. Gill and kidney homogenates of 
8 control fish were pooled and the COX inhibitor indomethacin (10 pg/ml homogenate) was 
added to prevent prostaglandin synthesis. The Na+, K+-ATPase activity was assayed with free 
ArA in both incubation m edia containing ouabain or KCl, respectively. Stock solutions of 
free ArA (Sigma, St. Louis, USA) were prepared in 100% methanol and a 100 times diluted 
with the reaction media to their final concentrations, ranging from 1 to 100 pM, at 1% (v/v) 
methanol. The enzyme activity with added ArA was expressed as the percentage of the 1% 
methanol controls.
Statistical analysis. Initial analysis revealed no differences between the 2 trials and the 
results were therefore combined and treated as one experiment and all data are expressed as 
means ± SE. Levene's Tests for homogeneity of variances indicated that log-transformation 
was required for cortisol data and arcsine transformations were performed on the percentage 
data of fatty acids to achieve homogeneity of variance. Three-Way ANOVAs were performed 
to determine the effects of the factors ArA feeding, ASA-administration, and time of 
sampling. Post Hoc Multiple Comparison tests (Tukey HSD) were used to determine which 
time-points differed significantly (SPSS software). Effects of free ArA in the in vitro Na+, K+- 
ATPase test were compared with repeated measures ANOVA against the activity at 1% 
methanol. The 5% level of probability was accepted as statistically significant.
Results
No mortality was observed during the experiments nor was there a  difference in growth 
between treatments at the end of the feeding trials. During the 18 days of the feeding trial the 
fish increased from 80.7 ± 1.2 g to 89.1 ± 1.5 g (means ± SE). The gelatine capsules containing 
ASA were eaten voluntarily within 5-10 min and did not reduce appetite when fed 
simultaneously with the food pellets. Macroscopic evaluation revealed no haemorrhages at 
the end of the experiments.
ArA feeding had no effect on plasma salicylate levels. Salicylate levels were 
significantly elevated in seabream that received ASA (P < 0.001; Table 2). In all 4 treatments 
salicylate levels had dropped below that of all other time points after 24 h  (P < 0.001). 
Furthermore, a  significant interaction existed between ASA administration and time of 
sampling (P = 0.013).
Fatty acid profiles of gill, kidney and muscle tissues prior to net confinement (t = 0) and 
24 h  after the stressor (t = 24 h) are listed in table 3 and significant effects are presented in 
table 4. Feeding the ArA-supplemented diet for 18 days to seabream significantly increased 
(P = 0.028) the levels of ArA in kidneys and reduced the level of linoleic acid (LA, P = 0.046), 
as well as increased the saturated fatty acids (P = 0.049). ArA feeding decreased the 
docosahexaenoic acid (DHA)/ArA and eicosapentaenoic acid (EPA)/ArA ratios in kidneys (P
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< 0.001), while reducing the DHA/ArA ratio in gill tissues (P = 0.035). In the gills, all major 
fatty acids were significantly different 24 h  after confinement, exhibiting either increasing or 
declining percentages, except for the DHA/EPA ratio (see table 4 for details). At the same 
time the levels of saturated fatty acids in the kidneys were significantly (P = 0.029) enhanced 
by confinement, where muscle tissues exhibited a significant increase (P = 0.042) in the 
DHA/EPA ratio after 24 h.
Within 20 m in after confinement plasma cortisol levels increased substantially in all 
treatments, resulting in significantly higher plasma levels compared to all other time-points 
(P < 0.001; figure 1). After 60 min, cortisol levels were no longer significantly elevated 
compared to the pre-confinement levels. The ArA-supplemented seabream exhibited a 
significantly lower cortisol response (P = 0.012) compared to the fish fed the 'low ArA' diet. 
In addition, ASA significantly affected the cortisol response (P = 0.045). In the low ArA fed 
seabream cortisol levels were reduced by ASA, whereas in the high ArA fed fish cortisol 
levels were enhanced by ASA. There were no significant interactions between ArA, ASA, 
and/or the time of sampling.
The fish responded to confinement with a significant increase (P < 0.001) in plasma 
glucose at t = 20 min, but glucose was no longer significantly different from pre-confinement 
levels after 60 m in (figure 2). Glucose levels were significantly influenced by the 
administration of ASA (P = 0.015). Glucose levels were markedly reduced after ASA 
administration in the seabream fed the low ArA diet, while glucose levels were not 
influenced by ArA-supplementation, nor were there any significant interactions between 
ArA, ASA, and/or time of sampling.
Plasma lactate levels increased in all treatments 20 m in after confinement (P < 0.001; 
figure 3). One hour later, lactate levels were still significantly higher than prior to 
confinement (P = 0.029), as well as at 20 min and 24 h  afterwards (P = 0.001 and 0.032, 
respectively). The dietary level of ArA had no effect on plasma lactate levels, whereas the 
administration of ASA significantly (P = 0.024) altered the lactate response, mainly in the 
high ArA fed seabream. This was also indicated by the significant interaction between all
[7 ]  three factors, ArA, ASA and time of sampling (P = 0.032).
Plasma osmolality increased considerably within 20 m in in all treatments (P < 0.001), 
until at least 60 min (P = 0.008), but after 24 h  these levels were no longer significantly 
different from levels prior to confinement (figure 4). Plasma osmolality was not affected by 
ArA-supplementation, but the effect of ASA was significant (P = 0.020). In the low ArA 
group plasma osmolality was reduced, while in the high ArA group plasma osmolality was 
elevated by ASA. Furthermore, there was a  strong interaction between ArA and time of 
sampling (P < 0.001), as well as between ArA and ASA (P = 0.023). The interaction of ASA 
administration with time was also significant (P = 0.001).
Plasma sodium levels were markedly altered by confinement (P < 0.001), with a clear 
increase after 20 min (P = 0.012), followed by a decrease below pre-confinement levels after
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24 h  in all treatments (P < 0.001; figure SA). Neither ArA nor ASA had a significant effect on 
the sodium response when analysed as separate factors, yet the interaction between ArA and 
ASA was significant (P = 0.043).
ln all treatments plasma chloride levels increased within 20 min after confinement (P
< 0.001) and remained significantly elevated for at least 24 h  compared to the levels prior to 
confinement (P = 0.007; figure SB). ArA-supplemented seabream exhibited significantly 
higher (P < 0.001) plasma chloride levels compared to the fish fed the low ArA diet. ln 
addition, plasma osmolality was significantly elevated (P = 0.017) in both dietary treatments 
after ASA treatment. No significant interactions were found between any of the factors.
Confinement had a significant effect on plasma potassium (P < 0.001) with a 
significant decrease after 20 min (P = 0.010) in all treatments. Potassium levels remained 
lower than the pre-confinement levels for at least 24 h  (P < 0.001; figure SC). ArA- 
supplementation had no effect on plasma potassium levels, whilst ASA administration 
resulted in significantly elevated levels of potassium (P = 0.041), mainly in the ArA 
supplemented seabream.
The branchial Na+, K+-ATPase activity was significantly higher (P < 0.001) in the ArA- 
supplemented fish than in the low ArA group. The ATPase activity was also markedly 
higher 24 h  after confinement than prior to confinement (P = 0.039; figure 6). ln addition, the 
interaction between ArA and time of sampling was significant (P = 0.041), while ASA had no 
significant effect on the ATPase activity.
Free ArA in the incubation medium reduced the Na+, K+-ATPase activity of gill 
homogenates in a dose-dependent way (P = 0.003), except at 10 and 30 pM ArA (figure 7).
[7]
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Table 1. Fatty acid profiles of the standard diet and the two experimental diets, one 
diet low  in arachidonic acid (ArA) and one enriched with ArA ('high ArA') pellets 
(see M ethods and materials). Fatty acids were determined in duplicate sub-samples 
and are expressed as percentages of total fatty acids. Values are means ± SE.
Diet Standard Low ArA High ArA
Saturates 29.4 ± 0.1 30.3 ± 0.3 30.2 ± 0.3
Monounsaturates 36.1 ± 0.0 33.1 ± 0.1 32.7 ± 0.3
Polyunsaturates 34.8 ± 0.1 36.9 ± 0.2 37.4 ± 0.5
n-3 Polyunsaturates 27.9 ± 0.1 22.5 ± 0.3 20.7 ± 0.6
n-6 Polyunsaturates 4.0 ± 0.1 12.3 ± 0.1 14.8 ± 0.0
n-3/n-6 7.1 ± 0.1 1.8 ± 0.0 1.4 ± 0.0
a-LNA (18:3n-3) 1.3 ± 0.1 1.2 ± 0.0 1.2 ± 0.0
LA (18:2n-6) 2.9 ± 0.0 10.9 ± 0.1 11.6 ± 0.0
a-LNA/LA 0.4 ± 0.0 0.1 ± 0.0 0.1 ± 0.0
DHA (22:6n-3) 11.9 ± 0.1 11.1 ± 0.2 10.5 ± 0.0
EPA (20:5n-3) 9.9 ± 0.0 7.0 ± 0.1 6.7 ± 0.0
ArA (20:4n-6) 0.6 ± 0.0 0.9 ± 0.0 2.4 ± 0.0
DHA/EPA 1.2 ± 0.0 1.6 ± 0.0 1.6 ± 0.0
DHA/ArA 20.7 ± 1.1 12.5 ± 0.3 4.3 ± 0.1
EPA/ArA 17.3 ± 0.6 7.8 ± 0.1 2.7 ± 0.1
Table 2. Plasma levels of salicylate in plasma (pmol/l) of gilthead seabream after they were fed a 
diet low  in arachidonic acid (low ArA) or a diet enriched with ArA (high ArA). Fish were subjected 
to a stressor (5 min of confinement in a dip net) and sampled just before (t = 0) and after 
confinement (20 min, 60 min, 24 h). Groups that were treated with acetylsalicylic acid ( + ASA) were 
confined 4 h after the last dose of 100 mg ASA/kg body weight. Values represent means ± SE of 10 
fish. See for significant differences the Results section.
[7]
Time (min) Low ArA Low ArA + ASA High ArA High ArA + ASA
0 116.5 ± 9.9 290.4 ± 46.3 95.0 ± 12.2 282.4 ± 71.5
20 118.9 ± 15.0 335.3 ± 60.0 121.3 ± 22.4 277.2 ± 62.9
60 103.5 ± 20.5 200.6 ± 39.7 127.4 ± 54.1 402.2 ± 136.8
24 h 13.8 ± 12.0 42.3 ± 5.8 46.8 ± 5.7 38.2 ± 13.9
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Table 3. Overview of (categories of) fatty acids expressed as percentages of total fatty adds of gill (A), kidney (B), and muscle tissues (C). Samples were 
collected at the end of the feeding period with either the 'low ArA' or the 'high ArA' diet, followed by ASA treatment if indicated. Samples were collected just 
prior to (t = 0 h) and 24 h after confinement. Values represent means ± SE of 5 fish. Significant differences are shown in table 4.
A Gill Low ArA Low ArA + ASA High ArA High ArA + ASA
Oh 24 h Oh 24 h Oh 24 h Oh 24 h
Saturates 36.1 ±2.7 39.9 ±0.2 34.4 ± 2.9 39.0 ± 2.3 34.4 ± 3.1 42.6 ±1.7 35.6 ±2.7 41.2 ±0.8
Monounsaturates 44.7 ±1.9 50.0 ±3.1 42.7 ±1.9 47.8 ± 1.8 43.2 ±1.6 46.5 ± 1.4 44.2 ±1.7 47.6 ± 0.9
Polyunsaturates 19.4 ±4.6 9.9 ±0.8 23.0 ± 4.4 13.3 ± 3.9 22.6 ± 4.7 10.9 ±1.7 20.4 ± 4.4 11.3 ±1.7
n-3 Polyunsaturates 13.7 ±3.9 5.3 ±0.5 16.7 ±3.7 8.3 ±3.3 16.2 ±3.9 6.6 ± 1.4 14.7 ±3.8 6.5 ±1.2
n-6 Polyunsaturates 3.7 ±0.5 3.1 ±0.2 4.6 ±0.5 3.6 ±0.6 4.6 ±0.6 2.9 ± 0.2 4.1 ±0.6 3.3 ±0.5
n-3/n-6 3.4 ± 0.6 1.7 ± 0.1 3.6 ±0.6 2.1 ±0.4 3.3 ±0.4 2.2 ± 0.4 3.4 ± 0.4 1.9 ±0.1
ct-LNA (18:3n-3) 0.6 ±0.1 0.4 ±0.0 0.8 ±0.2 0.4 ±0.1 0.7 ±0.1 0.3 ±0.1 0.6 ±0.1 0.4 ±0.0
LA (18:2n-6) 2.9 ± 0.4 2.4 ± 0.2 3.4 ±0.4 2.5 ± 0.4 3.3 ±0.5 2.0 ±0.1 1.0 ±0.4 2.3 ±0.3
ct-LNA/LA 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0
DHA (22:6n-3) 7.1 ± 2.2 2.8 ± 0.4 7.9 ±2.1 4.2 ±1.7 8.1 ±2.0 2.8 ± 0.8 7.8 ± 2.0 3.3 ±0.7
EPA (20:5n-3) 3.4 ±1.0 1.3 ±0.1 4.6 ±1.1 2.1 ±0.9 4.1 ±1.0 2.4 ± 0.9 3.7 ±0.9 1.5 ±0.3
ArA (20:4n-6) 0.5 ±0.1 0.4 ±0.1 0.6 ±0.1 0.5 ±0.1 0.8 ±0.1 0.5 ±0.0 0.7 ±0.1 0.6 ±0.1
DHA/EPA 2.1 ±0.1 2.2 ±0.1 1.8 ±0.3 2.0 ±0.1 2.0 ±0.0 1.8 ±0.4 2.1 ±0.1 2.2 ±0.1
DHA/ArA 13.5 ±2.1 7.4 ± 0.3 13.3 ± 2.4 7.8 ±1.7 10.0 ±1.1 6.1 ±1.5 11.3 ±0.7 6.0 ±0.3
EPA/ArA 6.4 ± 0.9 3.4 ±0.2 8.9 ±3.0 4.0 ±0.9 5.0 ±0.6 4.8 ± 1.6 5.4 ± 0.4 2.8 ±0.1
Table 3. [Continued]
B Kidney Low ArA Low ArA + ASA High ArA High ArA + ASA
Oh 24 h Oh 24 h Oh 24 h Oh 24 h
Saturates 40.4 ± 7.0 33.8 ± 8.2 36.9 ± 3.3 51.2 ± 7.8 39.4 ± 3.8 44.6 ± 4.1 44.9 ± 3.8 53.9 ± 5.0
Monounsaturates 26.4 ±1.1 30.3 ± 3.0 28.2 ± 2.3 23.4 ±1.5 25.5 ± 3.4 26.8 ± 4.8 26.5 ± 1.5 23.1 ± 4.9
Polyunsaturates 33.4 ± 5.8 36.0 ± 8.8 35.0 ± 2.2 25.8 ± 6.5 35.2 ± 2.8 29.1 ±5.1 28.8 ± 3.5 23.1 ± 1.2
n-3 Polyunsaturates 18.1 ±1.5 23.7 ±6.1 21.1 ±1.4 14.8 ± 5.2 21.4 ±1.5 14.8 ± 3.9 17.0 ± 2.5 12.7 ±1.5
n-6 Polyunsaturates 13.2 ±3.8 10.2 ±2.3 11.4 ±0.8 8.8 ± 1.5 12.0 ±1.2 11.8 ±1.2 9.9 ±1.1 8.7 ±0.6
n-3/n-6 1.5 ±0.3 2.3 ±0.1 1.9 ±0.1 1.6 ±0.4 1.8 ±0.1 1.2 ±0.3 1.7 ±0.2 1.5 ±0.2
ct-LNA (18:3n-3) 0.6 ±0.1 0.8 ±0.2 0.6 ±0.0 0.6 ±0.2 0.7 ±0.3 0.4 ±0.1 0.7 ±0.3 0.5 ±0.1
LA (18:2n-6) 6.1 ±1.4 5.2 ±1.1 5.5 ±0.5 4.3 ±0.7 5.1 ±0.3 4.4 ± 0.4 4.3 ±0.6 3.9 ±0.4
a-LNA/LA 0.1 ±0.0 0.2 ±0.1 0.1 ±0.0 0.1 ±0.0 0.1 ±0.0 0.1 ±0 .0 0.1 ±0.0 0.1 ±0.0
DHA (22:6n-3) 11.5 ±1.1 15.3 ±4.1 13.3 ±1.0 9.4 ± 3.5 13.9 ±1.0 9.8 ±2.7 11.1 ±1.6 7.1 ±1.3
EPA (20:5n-3) 4.0 ± 0.2 5.4 ±1.6 4.9 ±0.3 3.3 ±1.1 4.6 ± 0.4 3.0 ±0.8 3.8 ±0.4 3.1 ±0.1
ArA (20:4n-6) 3.1 ±1.1 2.8 ± 0.8 2.6 ±0.3 2.0 ± 0.5 4.6 ± 0.4 3.6 ±0.5 3.2 ±0.7 3.1 ±0.4
DHA/EPA 2.9 ±0.1 2.9 ±0.1 2.7 ±0.1 2.8 ± 0.3 3.1 ±0.1 3.3 ±0.1 2.9 ±0.2 2.3 ±0.4
DHA/ArA 4.4 ±1.1 5.8 ± 0.4 5.2 ±0.3 4.2 ± 0.9 3.1 ±0.2 2.6 ±0.6 3.6 ±0.4 2.4 ±0.5
EPA/ArA 1.5 ±0.5 2.0 ±0.1 1.9 ±0.1 1.5 ±0.3 1.0 ±0.1 0.8 ±0.2 1.3 ±0.1 1.1 ±0.2
Table 3. [Continued]
C Muscle Low ArA Low ArA + ASA High ArA High ArA + ASA
Oh 24 h Oh 24 h Oh 24 h Oh 24 h
Saturates 28.2 ± 0.4 31.8 ±3.1 29.3 ± 0.5 29.9 ± 0.8 28.4 ±0.7 28.1 ±0.1 27.8 ± 0.1 27.7 ±0.2
Monounsaturates 25.8 ± 2.0 22.0 ± 1.0 24.1 ± 1.2 24.9 ± 1.0 24.8 ± 1.5 23.2 ±0.7 26.0 ± 2.3 22.7 ±1.3
Polyunsaturates 46.3 ±1.7 46.5 ± 3.0 46.9 ± 1.3 45.5 ± 1.2 47.1 ± 1.0 49.0 ± 0.8 46.5 ± 2.2 49.7 ±1.2
n-3 Polyunsaturates 38.4 ±1.9 39.2 ± 2.9 39.0 ±1.1 37.5 ± 1.3 39.0 ± 0.9 41.4 ±0.7 39.1 ±2.1 42.0 ± 1.2
n-6 Polyunsaturates 6.2 ±0.3 6.0 ± 0.4 6.6 ±0.3 6.5 ± 0.4 6.5 ±0.1 6.0 ±0.1 5.8 ±0.2 6.4 ±0.6
n-3/n-6 6.2 ±0.5 6.6 ± 0.4 6.0 ±0.2 5.8 ± 0.4 6.0 ±0.2 6.9 ±0.1 6.8 ±0.3 6.8 ±0.7
ct-LNA (18:3n-3) 0.6 ±0.1 0.6 ±0.1 0.6 ±0.0 0.7 ±0.1 0.6 ±0.1 0.4 ±0.1 0.6 ±0.1 0.5 ±0.0
LA (18:2n-6) 3.7 ±0.2 3.4 ± 0.2 3.9 ±0.1 3.8 ±0.2 3.5 ±0.1 3.1 ±0.1 3.1 ±0.1 3.3 ±0.2
a-LNA/LA 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.2 ±0.0 0.1 ±0.0 0.2 ±0.0 0.1 ±0.0
DHA (22:6n-3) 25.2 ±2.1 26.7 ±2.5 25.7 ± 1.0 24.5 ± 1.3 25.6 ±1.1 28.2 ± 0.5 25.7 ±2.2 28.9 ± 1.4
EPA (20:5n-3) 8.3 ±0.2 8.1 ±0.4 9.0 ±0.3 8.2 ±0.3 8.6 ±0.2 8.8 ±0.2 8.6 ±0.2 8.7 ±0.1
ArA (20:4n-6) 1.5 ±0.2 1.6 ±0.2 1.8 ±0.2 1.8 ±0.3 2.0 ± 0.0 1.9 ±0.1 1.7 ±0.2 2.1 ±0.2
DHA/EPA 3.0 ±0.2 3.3 ±0.2 2.9 ±0.1 3.0 ±0.2 3.0 ±0.2 3.2 ±0.1 3.0 ±0.2 3.3 ±0.2
DHA/ArA 17.0 ±1.4 17.4 ±0.9 15.0 ± 1.5 15.0 ±1.8 12.9 ± 0.3 15.1 ±0.5 15.6 ± 0.9 14.0 ± 1.6
EPA/ArA 5.8 ±0.6 5.4 ± 0.4 5.4 ±0.7 5.0 ±0.5 4.3 ± 0.2 4.7 ±0.2 5.4 ±0.6 4.3 ±0.5
Table 4. Three-way ANOVAs were performed on the arcsine transformed percentage data of the selected (categories of) fatty adds of the three tissues 
presented in table 3. Significant P-values (P < 0.05) of the three tested fadors dietary arachidonic add (low ArA vs. high ArA), acetylsalicylic acid treatment (no 
ASA vs. + ASA"), and confinement ft = 0 vs. t = 24 IV). are listed below.
Gills Kidneys Muscles
ArA ASA Confinement ArA ASA Confinement ArA ASA Confinement
Saturates 0.002 0.049 0.029
Monounsaturates 0.002
Polyunsaturates < 0.001
n-3 Polyunsaturates < 0.001
n-6 Polyunsaturates 0.005
n-3/n-6 < 0.001
a-LNA (18:3n-3) < 0.001
LA (18:2n-6) 0.001 0.046 0.001
a-LNA/LA 0.004
DHA (22:6n-3) < 0.001
EPA (20:5n-3) 0.001
ArA (20:4n-6) 0.027 0.028
DHA/EPA 0.042
DHA/ArA 0.035 < 0.001 < 0.001
EPA/ArA 0.008 < 0.001
tim e  (m in) tim e  (m in)
Figure 1. The effect the low  arachidonic acid (ArA) diet and high ArA diet in combination with 
acetylsalicylic acid (ASA) treatment on plasma cortisol responses to 5 min net confinement: o low  
ArA, •  low  ArA + ASA, A  high ArA, ▲ high ArA + ASA. Samples were taken from non-stressed fish 
(t = 0) and at several intervals after confinement (t = 20 min, 60 min, 24 h). ASA treated fish were 
subjected to confinement 4 h after the last dose of ASA. Values represent means ± SE of 10 fish. The 
results of both graphs were combined for analysis and significant effects of the factors ArA 
supplementation, ASA treatment, time after confinement, and/or interactions are indicated with 
asterisks: * P < 0.05, ** P < 0.010 (Three-way ANOVA).
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Figure 2. The effect of ArA, ASA, and net confinement on plasma glucose levels. Samples were taken 
from non-stressed fish (t = 0) and at intervals after confinement (t = 20 min, 60 min, 24 h): o low  ArA, •  
low  ArA + ASA, A  high ArA, ▲ high ArA + ASA. ASA treated fish were subjected to confinement 4 h 
after the last dose of ASA (means ± SE, n =10). * P < 0.05, *** P < 0.001 (Three-way ANOVA).
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Figure 3. The effect of ArA, ASA, and net confinement on plasma lactate levels. Samples were taken 
from non-stressed fish (t = 0) and at intervals after confinement (20 min, 60 min, and 24 h): o low ArA, 
•  low  ArA + ASA, A  high ArA, ▲ high ArA + ASA. ASA treated fish were subjected to confinement 4 
h after the last dose of ASA (means ± SE, n = 10). * P < 0.05, *** P < 0.001 (Three-way ANOVA).
[ y ]
Ew
O
m
410
400
390
380
370
=  360
CD
mw o
350
340
low ArA ASA * 
time *** 
ArAASA * 
ArAtime *** 
ASAtim e **
/  /  / /  / /
Y
VA
20 40 60 24 h
time (min)
high ArA
I­
X.
20 40
time (min)
-7 ^ - 410
400
390
3s0
370
360
350
340
/
- - 7 ^ -  
60 24
1
Figure 4. Changes in plasma osmolality after feeding different diets and ASA administration. Samples 
were taken from non-stressed fish (t = 0) and at intervals after net confinement (20 min, 60 min, and 24 
h): o low  ArA, •  low  ArA + ASA, A  high ArA, ▲ high ArA + ASA. ASA treated fish were subjected to 
confinement 4 h after the last dose of ASA (means ± SE, n = 10). * P < 0.05, ** P < 0.010, *** P < 0.001 
(Three-way ANOVA).
0
0 0
116
260 
250 - 
240 - 
^  230 -
I  220
E^
 210 
E
I  200
m 190 -
180 - 
/
195 -
-7^-
A
190 -
13 185 -
<uT3
S  5.0 ■ o 
E
j= 4.5 -
3
'a 4.0 -
COro 
o
a  3.5
low ArA
— I I-----------
tim e *** 
A rA A S A  *
high ArA
- - T ^ r Î1 - - 7 ^ -
260 
250 
240 
230 
220 
210 
200
- 190
- 180
0
- 195
- 190 
185
- 180 
- 175
170
*0
6.0
5.5
5.0
4.5
4.0
3.5
3.0 
0.0
40 60
tim e (m in)
20 40 60 24 h
tim e (m in)
[7 ]
Figure 5. Changes in plasma ions levels after feeding different diets and ASA administration. 
A. sodium, B. chloride, C. potassium. Samples were taken from non-stressed fish (t = 0) and at 
intervals after net confinement (20 min, 60 min, and 24 h): o low  ArA, •  low  ArA + ASA, A  
high ArA, ▲ high ArA + ASA. ASA treated fish were subjected to confinement 4 h after the 
last dose of ASA (means ± SE, n = 10). * P < 0.05, *** P < 0.001 (Three-way ANOVA).
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F ig u re  6. Basal gill Na+, K+-ATPase activity (pmol Pi/h/mg protein) before 
and 24 h after net confinement in control and ArA and ASA fed 
seabream. Samples at t = 0 were collected 4 h after the last dose of ASA in 
the ASA treated fish (means ± SE, n = 10). * P < 0.05, *** P < 0.001 (Three­
way ANOVA).
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F ig u re  7. The inhibition of Na+, K+-ATPase activity by free ArA in the 
incubation media (means ± SE, n = 10). The Na+, K+-ATPase activity in 1% 
methanol was set at 100%. Activities were compared for significance to the 
activity at 1% methanol and 0 pM ArA in the medium. * P < 0.05, ** P < 
0.010, *** P < 0.001 (Repeated measures ANOVA).
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Discussion
The incorporation of ArA into gills, intestine, muscle, and liver of gilthead seabream has 
been shown to be most efficient below a dietary ArA level of 2% of total fatty acids, while it 
dropped considerably above this level (Fountoulaki et al., 2003). Hence, the ArA level of 
2.4% of total fatty acids that was used in our high ArA diet would have been sufficient to 
enable satisfactory incorporation into the tissues. At the end of the 18-day feeding period the 
kidneys of seabream fed the ArA-supplemented diet had a significantly higher level of ArA, 
which also reduced the DHA/ArA and EPA/ArA ratios in those tissues. This relatively short 
feeding period did not alter the ArA content of muscle and gill tissues. In these tissues the 
DHA/ArA and EPA/ArA ratios were generally considerably higher than the dietary ratios, 
signifying that DHA and EPA were preferentially incorporated or retained over ArA. ArA is 
deposited mainly into the polar lipids, especially at lower dietary levels. Hence, the increase 
in ArA in kidney tissues apparently reflects changes in the polar lipid fraction, which can be 
faster than in the neutral lipid pool (Bell and Dick, 1990; Linares and Henderson, 1991; 
Fountoulaki et al., 2003). Changes in the fatty acid composition of fish muscle on the other 
hand, are thought to result from a dilution effect on neutral lipid pools. This means that 
changes will result from fatty acids being added to the existing stores as the fish grows and 
more fatty acids are deposited (Jobling, 2003; Robin et al., 2003; Jobling, 2004). This process 
requires a substantial increase in body weight, for which the feeding period in this study 
seems to have been too short.
When the seabream were subjected to confinement to induce a stress response, this 
affected the fatty acid composition of the gills, but hardly of muscle or kidney tissues. After 
confinement the levels of polyunsaturated fatty acids had decreased in gill tissues, while the 
monounsaturated as well as the saturated fatty acids exhibited an increase. These changes 
were not only relative (in percentages of total fatty acids), but were also accompanied by 
decreasing amounts of EPA, DHA, and ArA, when expressed in mg/g dry weight (data not 
shown). When synthesising new membranes, the incorporation of readily synthesized 
saturated and monounsaturated fatty acids is faster than that of PUFA originating from the 
diet. Hence it is possible that the changes in the gills reflect a higher rate of turnover than in 
kidneys and muscle. The observed changes might also arise from |3-oxidation of the long 
chain fatty acids. However, this does not correspond to the general preference in fish tissues 
for oxidation of monounsaturated fatty acids over saturated fatty acids, which in turn are 
preferred over polyunsaturated fatty acids (McKenzie et al., 2000).
Feeding the ArA-supplemented diet to gilthead seabream for 18 days was sufficient 
to substantially diminish the cortisol response after net confinement, compared to the fish 
fed a diet containing a low level of this fatty acid. This blunted response to a stressor was 
very similar to what was found in seabream larvae exposed to another type of acute stressor. 
Both 28- and 50 days post-hatch larvae showed considerable lower peak cortisol levels when 
they were fed ArA-enriched A rtem ia  nauplii prior to a brief exposure to air (chapter 3). These
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observations in seabream are in complete contrast to the augmented cortisol response 
observed in tilapia (Oreochromis mossambicus), when fed the same diet enriched with ArA 
(chapter 5). Tilapia, like most freshwater species can convert linoleic acid into ArA, while 
gilthead seabream has a low ability to form ArA from its precursor. Gilthead seabream 
apparently became more sensitive to an acute stressor when the dietary intake of ArA was 
low, emphasising the importance of ArA in this respect.
To determine whether the observed effects of ArA could be contributed to an 
enhanced production of prostaglandins, the COX-inhibiting ability of ASA was utilized. A 
previous study on tilapia verified that the effect of ASA in fish was similar to that in humans, 
as ASA inhibited the COX activity of kidney homogenates and reduced plasma levels of 
PGE2 (chapter 4). Feeding the ASA containing capsules resulted in an almost 3-fold increase 
of the plasma salicylate levels in our seabream and the low basal levels of cortisol at the start 
of the tests confirmed that this was a stress-free method to administer ASA. This ASA 
treatment also attenuated the confinement-induced cortisol response in the seabream fed the 
low ArA diet, which would indicate that prostaglandins stimulated the release of cortisol at a 
low dietary intake of ArA. However, this would not correspond to the observed blunted 
cortisol response observed in seabream with a high dietary intake of ArA, which would have 
resulted in an elevated release of prostaglandins during stress. In fact, administration of ASA 
caused a slight elevation of the cortisol levels in those seabream that were supplemented 
with ArA in advance. This argues against the assumption that ArA-mediated effects can be 
contributed to the formation of COX-derived metabolites. It is possible that in this study the 
inhibition of the COX pathway by ASA increased the availability of free ArA immediately 
after confinement for the alternative pathways in certain tissues. Eicosanoids resulting from 
conversion of ArA by lipoxygenase and epoxygenase have been shown to stimulate the 
release of ACTH and |3-endorphin from the pituitary, as well as to modify the induced 
release of cortisol from the adrenals (Hirai et al., 1985). The available information on the 
functions of other eicosanoids besides prostaglandins in the control of the HPI axis of fish is 
very limited and it remains to be determined how ArA is exactly involved in this process.
[ 7 ]  Acute stress is normally associated with the release of catecholamines that promote
glycogenolysis in the liver cells of fish, causing a rapid increase of plasma glucose levels 
(Wendelaar Bonga, 1997). The accumulation of lactate during stress either points to reduced 
uptake by liver cells for gluconeogenesis or to the incomplete oxidation of glucose, resulting 
from insufficient oxygen supply (Vijayan and Moon, 1992; Vijayan et al., 1997; Wendelaar 
Bonga, 1997; Fabbri et al., 1998). In the present study the dietary level of ArA had no effect 
on the basal levels of plasma glucose or lactate, nor did it affect the confinement-induced 
hyperglycaemia and lactacidemia, suggesting that the catecholamine release was not 
affected. Nevertheless, the treatment with ASA reduced the basal glucose levels in the 'low 
ArA'-fed fish, whereas ASA had no effect on the fish fed the ArA-supplemented diet. The 
lactate levels were affected in a different way by ASA. ASA delayed the recovery to basal
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levels in the low ArA group, and augmented the lactate response in the ArA-supplemented 
seabream. Though it is unclear which processes were altered by the change in the dietary 
ArA intake, some suggestions can be made. For instance, the low ratio of n-3/n-6 PUFA 
might have enhanced the metabolic rate and oxygen demand, as suggested by McKenzie et 
al. (2000) and McKenzie (2001). On the other hand, free ArA has been shown to change the 
binding of catecholamines or corticosteroids to their receptors in liver cells (Vallette et al.,
1991; Lee and Struve, 1992), which could have reduced hepatic gluconeogenesis causing 
elevated lactate levels in the seabream in the present study.
Acute stress and the associated release of catecholamines can lead to an increased 
permeability of the branchial epithelium, leading to an influx of ions in fish in a hyper 
osmotic environment. This in turn stimulates the ionic extrusion by the chloride cells, located 
mainly in the opercula and gills (Wendelaar Bonga, 1997; McCormick, 2001). In seabream 
from both dietary treatments plasma sodium and chloride levels increased within 20 min 
after confinement in a similar way, indicating an increased permeability. The immediate 
decrease in plasma potassium in all treatments was more likely caused by the enhanced 
uptake of K+ into red blood cells in reaction to the low plasma oxygen levels associated with 
acute stress (Gibson et al., 2000). ArA supplementation attenuated the stressor induced 
increase in plasma osmolality. The plasma levels of sodium and chloride did not exhibit a 
corresponding increase, suggesting the presence of other factors that influence the 
osmolality. Interestingly, ASA treatment appeared to counteract the effect of ArA and 
resulted in an increase in plasma osmolality after one hour. Furthermore, both plasma 
chloride and potassium levels were enhanced by ASA in the ArA-supplemented seabream.
This suggested a possible increase in the permeability of the membranes due to the 
combination of ASA and ArA. However, the confinement-induced increase in sodium was 
attenuated by ASA in that same group, arguing against an enhanced influx of ions.
Cortisol has been shown to stimulate the proliferation of branchial chloride cells and 
to increase the activity of ion-transporting enzymes, particularly Na+, K+-ATPase, the major 
driving force for branchial transepithelial ion transport located in the chloride cells 
(Wendelaar Bonga, 1997). Indeed, the branchial Na+, K+-ATPase activity had increased in [7 ]  
both dietary treatments 24 h  after confinement. In addition, the ArA-supplemented seabream 
showed a distinctly higher branchial Na+, K+-ATPase activity already prior to confinement. 
Although the effect of ASA treatment was not significant, the ArA-supplemented fish 
exhibited no increase in the ATPase activity when treated with ASA. From these results it is 
not clear, whether ArA-derived prostaglandins were involved in the regulation of the 
branchial Na+, K+-ATPase. However, it also appears unlikely that the stimulating effect of 
ArA supplementation on the ATPase activity could be contributed to ArA itself, as the tests 
showed that free ArA was an inhibitor of the branchial ATPase activity in vitro. Inhibitory 
effects of unsaturated fatty acids on Na+, K+-ATPases have been demonstrated in vitro before, 
which was contributed to a decreased enzyme affinity for extracellular K+ due to direct
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interactions of the fatty acids with sodium-pump protein sub-units (Swann, 1984; Swarts et 
al., 1990; Haag et al., 2001). Alternatively, ArA might have stimulated the Na+, K+-ATPase 
activity in gills by enhancing the release of osmoregulatory hormones such as prolactin and 
thyroxin (Kolesnick et al. 1984a, b, and Mustafa and Srivastava, 1989; chapters 4 and 5).
In this study we demonstrated marked changes in the stress response due to feeding 
different dietary levels of ArA for 18 days, which emphasizes the physiological impact that a 
relatively small change in a single dietary fatty acid can have. Providing optimal ArA levels 
in commercial diets for marine species could be effective in moderating the stress response 
and improving survival following exposure to handling and transport, that routinely occur 
during the grow-out of fish in aquaculture. Furthermore, replacements of fish oils in 
commercial diets with vegetable oils that contain no C20 and C22 PUFA, combined with the 
low fatty acid elongation and desaturation activities of carnivorous/marine species, will 
result in reduced tissue levels of ArA, EPA, and DHA (Bell, 1998; Bell and Sargent, 2003; 
Montero et al., 2003). It is advisable to determine the effects of such a low dietary intake of 
ArA and other PUFA on a longer term, focussing not only on growth performance and feed 
efficiency, but also on possible health effects.
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SASHIMI I (continued)
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lour before the meal, mix the wasabi to a thick paste with 
id for 20 minutes. If you choose ginger, form it into
I - m s *  -m •  •Is. Remt------------------------------------------------- ■ into app
rp knife
Serves ( c h a p te r  s
General discussion
750 (l1/.
250 g G mackerel
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10-cm ( ________________________________
1 tablespoon wasabi (green horseradish powder) or 
peeled and finely grated green ginger 
6 spring onions, cut into curly bushes
SAUCE
6 tablespoons shoyu (Japanese soy sauce)
6 tablespoons lime juice
Either arrange the fish on six cold plates with a blob < 
;er and a loose heap of shredded radish. Decorate with 
ve bowls of the shoyu and lime juice mixed together. O 
tly on one central serving plate, and give each person 
ild make a sunflower of thin slices of sea bream or bass, 
Lina or mackerel slices, and a central blob of wasabi. The 
the plate to a piece of fish, with chopsticks or a fork,
8 General discussion
[8 ]
In this thesis a series of experiments is described that were conducted to establish the role of 
the polyunsaturated fatty acid arachidonic acid (ArA) in the stress response and 
osmoregulation of fish. T o this end two species were compared: the marine species gilthead 
seabream (Sparus aurata) and the freshwater species Mozambique tilapia (Oreochromis 
mossambicus). Modification of the dietary intake of ArA resulted in substantial changes in the 
stress response and osmoregulatory capacity of the two species, which will be compared and 
discussed in this chapter. In addition, some of the implications for aquaculture will be 
discussed, as well as the possible health consequences for the hum an consumer.
8.1 Dietary arachidonic acid and tissue fatty acids
The feeding of A rtem ia  metanauplii with specific enrichment preparations is an efficient way 
to deliver ArA to fish larvae. When they are consumed within 12 to 24 h  after the enrichment 
procedure the loss of ArA by metabolization in the nauplii is limited (Estevez et al., 1998; 
Han et al., 2001; Sorgeloos et al., 2001). As was shown in chapters 2 and 3, enrichment of the 
Artem ia  with ArA enhanced the ArA content of the gilthead seabream larvae feeding on 
them and also altered the content of several other fatty acids. Similarly, adult seabream 
exhibited a rapid uptake of ArA with a specific deposition of ArA in kidneys, but not in gills 
or muscles, when fed an ArA-rich pelleted diet (chapter 7). Tilapia are able to convert 
linoleic acid (LA) into ArA and the activities of the required desaturase and elongase 
enzymes can be increased when the diet contains low levels of PUFA (Olsen et al., 1990; 
Tocher et al., 2002). Nevertheless, feeding an ArA-rich diet to adult Mozambique tilapia also 
enhanced tissue ArA levels in gills compared to the fish fed the low ArA diet (chapter 5). It is 
worth mentioning, that the ArA levels in kidneys and muscle were higher than in gills, even 
though these levels were not enhanced by ArA feeding. Similarly, the lowest levels of ArA 
were found in the gills of in seabream (chapter 7). In contrast, the gills and kidneys of SW 
adapted tilapia contained more ArA than muscle, and these levels were also higher than in 
FW tilapia (chapter 6).
The ArA levels in muscle tissues were very similar for both species and were not 
affected by the dietary treatment at the end of the (relatively short) enrichment period. The 
changes in the fatty acids of the neutral lipid fraction 1 of the fish muscle tissues after a 
change in the dietary lipid composition result from a dilution effect. This means that changes 
in fatty acid profiles of muscle tissue are the consequence of fatty acids being added to the 
existing stores as the fish grows and more fatty acids are deposited (Jobling, 2003; Robin et 
al., 2003). In other words, the fatty acid pool of muscle tissue is relatively stable and will only 
change as the fish grows. Hence it is likely that a longer feeding period would have resulted
1 Neutral lipids that include fatty acids are mono-, di-, and tri-glycerides, sterol esters (including cholesterol 
esters), vitamin A esters, and waxes.
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in elevated muscle tissue levels of the tilapia and seabream in our experiments.
Changes in the fatty acid composition of the polar lipid fraction2 of tissues are more 
complex and are the result of metabolization of dietary fatty acids after uptake, mobilization 
of stored fatty acids, and the selective incorporation of fatty acids into specific tissues. In 
addition, an inverse relationship exists between tissue levels of DHA, EPA, and ArA, due to 
competition for the enzymes that control the incorporation of these fatty acids into 
membrane phospholipids (Tocher and Sargent, 1986; Bell et al., 1995a). Indeed the whole- 
body EPA and DHA levels decreased in parallel with an increase in the ArA content when 
gilthead seabream larvae were fed Artem ia  metanauplii enriched with ArA (chapters 2 and 
3). However, this inverse relationship between EPA and ArA was less evident in the tissues 
of adult tilapia and seabream, possibly because the turnover rate of fatty acids is slower in 
adults than in developing larvae.
Adult tilapia and seabream were subjected to 5 minutes of confinement to induce a 
stress response and this relatively mild stressor had clear effects on the fatty acid profiles of 
specific tissues of both species. In tilapia the fatty acid composition of the kidneys were 
affected most 24 h  after confinement, whereas in seabream the fatty acid composition of the 
gills demonstrated the greatest changes. These changes might be the result of aerobic 
metabolism, which is primarily fuelled by |3-oxidation of specific (groups of) fatty acids in 
fish. In tilapia kidneys, the levels of monounsaturated fatty acids were considerably lower 
after confinement, while the polyunsaturated fatty acids increased in parallel. This 
apparently corresponds to the general preference of oxidation for monounsaturated fatty 
acids over saturated fatty acids, which in turn are preferred over polyunsaturated fatty acids 
in fish (McKenzie et al., 2000). On the other hand, in seabream gills both the 
monounsaturated as well as the saturated fatty acids increased after confinement, but the 
polyunsaturated decreased, possibly indicating a species and organ specific metabolic 
efficiency of the different classes of fatty acids (Egginton, 1996).
8. 2 Arachidonic acid and the stress response
Deficiencies in fatty acids are known to reduce the stress - and handling resistance - of fish, 
particularly during the developing stages, which are more sensitive and have a higher 
demand for specific dietary components than later stages (Dhert et al., 1990; Dhert et al., 
1992; Ako et al., 1994; Harel et al., 2001; Koven et al., 2001a; Copeman et al., 2002). Feeding 
Artem ia  metanauplii enriched with ArA had a clear effect on the stress resistance and altered 
the cortisol response to different types of stressors. First of all, ArA enrichment improved the 
survival of gilthead seabream larvae and increased their resistance to handling (chapter 2). 
In contrast, a high level of dietary ArA reduced the survival of larvae when exposed to daily
2 The polar fraction consists mainly of phospholipids, including phosphatidylcholine, phosphatidyl- 
ethanolamine, phosphatidylinositol, and phosphatidylserine.
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salinity fluctuations causing chronic stress, as indicated by the moderately, but significantly, 
elevated cortisol levels at the end of the trial. When the stress response was investigated in 
more detail in chapter 3, the larvae fed a low level of ArA exhibited a substantially enhanced 
cortisol response to an acute stressor, while the same diet resulted in markedly lower cortisol 
levels after a drop in salinity. Interestingly, the ArA supplemented larvae responded with an 
initial drop in cortisol followed by a return to the pre-stress levels. The up-regulation of 
cortisol synthesis by ArA suggests the presence of a specific response to an osmotic stressor, 
which might explain the elevated cortisol levels in the seabream larvae when they were 
subjected to this type of stressor on a daily basis (chapter 2). Although the cortisol levels in 
the seabream larvae subjected to chronic stress were relatively low, in particular when 
compared to the high levels found after e.g. air exposure, chronically (slightly) elevated 
levels of cortisol can become detrimental and result in enhanced mortality (Barton and 
Iwama, 1991; Wendelaar Bonga, 1997).
The main metabolite of ArA is often assumed to be a prostaglandin, PGE2, and the 
effects of dietary ArA are often contributed to an enhanced production of this metabolite. 
Therefore it was determined to which extent prostaglandins were involved in the stress 
response in Mozambique tilapia (chapter 4; summarized in table 1). When acetylsalicylic 
acid (ASA), an irreversible inhibitor of the cyclooxygenase enzymes, was administered to 
tilapia the plasma levels of PGE2 were reduced in a dose dependent manner, suggesting that 
ASA was able to inhibit the COX activity in fish similar to that in mammals. Furthermore, 
the plasma levels of PGE2 in these fish were negatively correlated with basal cortisol levels, 
and ASA reduced the cortisol response to an acute stressor (chapter 4). These initial 
observations pointed to a stimulatory effect of COX-mediated metabolites, i.e. 
prostaglandins, on both the basal and stressor-induced steroidogenesis in tilapia. Following 
this assumption, feeding a diet containing a high dietary ArA should therefore augment the 
stressor-induced cortisol synthesis as a result of an enhanced production of prostaglandins. 
This was investigated in tilapia and seabream in chapters 5 and 7, respectively, and the main 
results are summarized in table 1. While ArA supplementation slightly enhanced the cortisol 
response to an acute stressor in tilapia, blocking the COX pathway augmented the effect of 
ArA and resulted in a substantially elevated cortisol response (chapter 5). This clearly 
argued against the involvement of prostaglandins in the enhanced stress response after ArA 
supplementation. In comparison, the effect of ASA differed substantially depending on the 
[ 8 ]  dietary level of ArA, in adult gilthead seabream (chapter 7). In contrast to the effect on 
tilapia, it was the low ArA diet that enhanced the sensitivity of the HPI axis in seabream, 
resulting in a strong cortisol response to acute stress, similar to the situation in the seabream 
larvae reported in chapter 3.
The cortisol response to a stressor is preceded by the release of catecholamines into the 
blood, when the stressor is severe enough to result in a substantial decrease in the blood 
oxygen content (Perry and Bernier, 1999). Catecholamines enhance hepatic glycogenolysis
128
and probably also gluconeogenesis and, when the oxygen supply is insufficient for the 
complete oxidation of the glucose, this will be accompanied by accumulation of lactate 
(Vijayan et al., 1997; Wendelaar Bonga, 1997; Fabbri et al., 1998). Because catecholamines are 
released within seconds but are rapidly cleared from the blood after exposure to a stressor, it 
is difficult to assess their concentration. Therefore the role of catecholamines in stress­
experiments is mostly studied indirectly, by analysing the rise in plasma glucose and lactate 
after exposure to a stressor (Barton and Iwama, 1991; Wendelaar Bonga, 1997). The rapid 
increase in plasma glucose found in tilapia and seabream is most likely the result of 
glycogenolysis stimulated by catecholamines (Vijayan et al., 1997). The lactacidemia 
observed in all fish points to incomplete oxidation as a result of hypoxemia induced by the 
stressor, or to a reduced uptake of lactate by liver cells for gluconeogenesis (Vijayan and 
Moon, 1992; Vijayan et al., 1997; Fabbri et al., 1998). The levels of circulating lactate can be 
reduced by the cortisol-dependent stimulation of gluconeogenesis, but this process is much 
slower and takes at least 12 h  in tilapia (Vijayan et al., 1997; Mommsen et al., 1999).
Our results show that the effects of ASA treatment and ArA supplementation differed 
between the two species tested. Basal glucose and lactate levels were not influenced by ASA 
treatment at a low level of ArA in tilapia, while ASA administration reduced the glucose 
response to confinement (low dose of ASA only) and attenuated the plasma lactate response 
(both low and high dose of ASA; chapter 4). These initial results suggested that 
prostaglandins were involved in the release of catecholamines or the adrenergic response of 
liver cells to hormonal signals. While the reduced lactacidemia following ASA treatment 
suggested a lactate promoting effect of prostaglandins, ArA supplementation surprisingly 
reduced the lactate response. However, in chapter 5 no evidence was found for an effect of 
ArA nor prostaglandins on lactate accumulation in plasma of tilapia. Interestingly, the diet 
with a high level of ArA clearly enhances basal lactate levels in seawater-adapted tilapia, 
which did not occur in freshwater-adapted tilapia or seabream (chapter 6). In gilthead 
seabream the dietary level of ArA had no effect on the basal levels of plasma glucose, nor did 
it affect the confinement-induced hyperglycaemia, suggesting that ArA did not affect the 
release of catecholamines (chapter 7). However, ASA treatment enhanced basal levels of 
glucose at a low level of dietary ArA in seabream, but not after a high dietary intake of ArA.
It appears that the lactate response to confinement was slowed down by ASA at a low level 
of ArA, where it enhanced the response in the seabream fed the high ArA diet.
Both n-3 PUFA as well as saturated fatty acids can influence cell membrane-associated [8 ]  
processes that determine the cell energy production and utilization and change the tissue O2 
demand and metabolic rate. In addition, altering the EPA/ArA ratio of tissues changes the 
eicosanoid production, which might affect cell metabolism (McKenzie et al., 2000; McKenzie,
2001). For instance, high levels of dietary n-3 PUFA reduced the routine metabolic rate of eel 
compared to fish fed a diet rich in saturated fatty acids, and this also affected the plasma 
lactate levels after recovery from hypoxia (McKenzie, 2001). Feeding our tilapia and
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seabream with high levels of ArA might have altered their metabolic rate and hence altered 
the lactate levels. The observations that ASA influenced the lactate response in a differential 
way depending on the dietary levels of ArA, seems to suggest the involvement of 
eicosanoids, but this remains speculative as detailed knowledge of this process is still 
lacking. Alternatively, the changes in plasma lactate levels observed in our tilapia and 
seabream might have been caused by an effect on hepatic gluconeogenesis or the uptake of 
lactate in muscles. ArA and other PUFA have been shown to alter the binding of 
glucocorticoids to its specific receptors in liver cells of both mammals and fish, which can 
affect the impact of cortisol on gluconeogenesis and consequently, the uptake of lactate in 
liver cells or muscles (Vallette et al., 1991; Lee and Struve, 1992). In addition, in young rats n- 
3 fatty acids reduced the lactate response, where n-6 fatty acids enhanced the lactate 
response induced by swimming, presumably by reducing gluconeogenesis (Skalski et al., 
2001). In their study the COX inhibitor indomethacin had no effect, which indicated that 
inducible prostaglandins were not involved. Instead, this effect was contributed to an altered 
response of liver cells to catecholamines. The intracellular transduction system of hepatic 
cells induced by catecholamines involves second messengers and PKA and PKC (Fabbri et 
al., 1998) that are known to be influenced by ArA and/or eicosanoids in other cell types (see 
the General introduction).
Tilapia have the ability to produce ArA from its precursor (Tocher et al., 2002) and 
hence the high level of ArA in the diet might have exceeded their requirement. In contrast, 
gilthead seabream, having a low A5-desaturase activity, might require a dietary source of 
ArA and the high ArA pellets seemed to contain an adequate level of ArA. As stated before, 
it is unlikely that the effects of supplementation with ArA were caused by an enhanced 
production of ArA-derived prostaglandins. Therefore, it seems probable that the excess 
dietary ArA in tilapia resulted in higher intracellular levels of free ArA, which could then be 
converted into eicosanoids other than prostaglandins or re-incorporated into membrane 
phospholipids, including phosphatidylinositol. The inhibition of the COX pathway by ASA 
would have exaggerated this effect, enhancing the levels intracellular levels of free ArA 
and/or redirecting more ArA to the epoxygenase and lipoxygenase pathways. Free ArA can 
alter cortisol synthesis by interfering with the receptor-induced intracellular signalling 
pathways or change the activity of the protein kinases that control steroidogenesis (see 
chapter 1). ArA supplementation had no effect on the cortisol levels prior to the stress 
[ 8 ]  challenge in tilapia or seabream, which is consistent with this hypothesis, as it requires ArA 
to be released intracellularly by stressor-induced factors before it can have an effect on 
steroidogenesis. In seabream the high ArA diet did not enhance the stress response, which 
might be related to a different dietary requirement as a result of its low A5-desaturase 
activity. However, this remains speculation and more detailed investigations on the 
requirement of seabream for this fatty acid are required to support this. It appears that the 
involvement of prostaglandins in the stress response of seabream is limited, similar to the
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situation in tilapia.
Very little is known about the functions of the epoxygenase and lipoxygenase 
metabolites in fish, but it has been known for many years that ArA can be metabolized by 
these enzymes in mammals (Smith, 1989). In table 2 a list of primarily mammalian studies is 
presented, demonstrating the variability of the effects of ArA and its eicosanoids on the 
stress axis. Most studies demonstrated stimulatory effects of ArA on the ACTH and cortisol 
release, whereas cyclooxygenase products generally had an inhibitory effect on the release of 
ACTH. Lipoxygenase products, particularly HPETEs and 5-HETEs, generally had a 
stimulatory effect on ACTH release and steroidogenesis, which seems consistent with the 
effects of ArA and ASA treatment on cortisol synthesis observed in tilapia and seabream.
In both species the stimulatory effect of prostaglandins appeared of secondary 
importance when a diet rich in ArA was fed. Prostaglandins nevertheless seem to be relevant 
for the control of the basal (tonic) steroidogenesis in tilapia, as the inhibition of prostaglandin 
synthesis clearly reduced basal levels, and ArA supplementation had no effect on the basal 
release of cortisol. The discrepancy between the effect of prostaglandins on the basal and 
stressor-induced release of cortisol could be related to the presence of two COX isoforms in 
fish similar to mammals: a COX-1 subtype that is constitutively expressed and a COX-2 
isoform that is induced by stress-related factors (Zou et al., 1999; Roberts et al., 2000; Tanabe 
and Thnai, 2002; Yang et al., 2002).
In conclusion, the accumulated evidence presented in this thesis does not support the 
hypothesis that ArA enhances steroidogenesis in response to an acute stressor by an 
increased prostaglandin synthesis in either tilapia or seabream. Instead, intracellularly 
released ArA itself could be responsible for the observed effects of ArA-supplementation, 
while the involvement of the lipoxygenase and epoxygenase metabolites can certainly not be 
excluded. These findings also suggest that the often-made assumption that effects of ArA are 
due to its function as precursor of prostaglandins, including PGE2, should be reconsidered.
8.3 Arachidonic acid and osmoregulation
The combined results described in this thesis point to a complex involvement of ArA in the 
processes controlling the osmoregulatory balance of fish. In both tilapia and seabream ArA 
was preferentially incorporated in the kidneys, which resulted in ArA levels that were 
several-fold higher in the kidneys than in the gills. Seawater-adapted tilapia exhibited higher 
levels of ArA in their osmoregulatory tissues, indicating that ArA was involved in 
maintaining the osmotic balance in these fish (chapter 6). The addition of free ArA to the 
reaction medium strongly reduced the Na+, K+-ATPase activity of branchial and renal tissues 
of both tilapia and seabream, supporting the idea that ArA mediated its effect by inhibitory 
control at the cellular level (chapters 5 and 7). However, the results from the in vivo studies 
with ArA-supplementation did not correspond with an inhibitory control of the ATPase 
activity. For instance, feeding an ArA-rich diet to tilapia enhanced the renal Na+, K+-ATPase
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activity, whereas it reduced the branchial ATPase activity. It was also unlikely that this effect 
of the dietary supplementation with ArA was the consequence of an increased production of 
prostaglandins, as subsequent ASA administration further reduced the branchial ATPase 
activity instead of counteracting the effect of ArA (chapter 5).
As described before, ArA supplementation influenced the synthesis of cortisol in tilapia 
and seabream and this hormone is known to enhance the Na+, K+-ATPase activity of fish and 
is particularly relevant for the adaptation to seawater (McCormick, 1995; McCormick, 2001). 
Gilthead seabream larvae showed an improved osmoregulation after feeding on ArA- 
enriched Artem ia , which was associated with a moderate increase in cortisol synthesis 
(chapter 3). In addition, the improved osmoregulatory capacity of seawater-adapted tilapia 
fed the high ArA diet coincided with enhanced levels of cortisol (chapter 6). However, the 
effect of ArA cannot be explained by an increased synthesis of cortisol alone, since in adult 
seabream the elevated branchial Na+, K+-ATPase activity after ArA supplementation 
coincided with very low cortisol levels (chapter 7). On the other hand, growth hormone 
(GH), prolactin, and thyroid hormones have been shown to be involved in the 
osmoregulation of fish, either directly or by supporting the osmoregulatory function of 
cortisol (McCormick, 2001; Mancera et al., 2002). The results from chapters 4 and 5 suggested 
that prostaglandins as well as ArA are involved in the release of these hormones in fish 
similar to mammals (Ojeda et al., 1979; Mustafa and Srivastava, 1989). Nevertheless, the 
preferential incorporation of ArA into kidneys and gills also points to a local involvement of 
ArA or its metabolites in these organs and both prostaglandins and leukotrienes have been 
shown to directly affect active ion transport in fish by modifying the membrane conductance 
in chloride cells (Horseman and Meier, 1978; Van Praag et al., 1987). Moreover, the synthesis 
of PGE2 in the gills of rainbow trout was found to be stimulated by prolactin (Beckman and 
Mustafa, 1992). Hence, ArA-derived metabolites can have a dual role in the regulation of the 
osmotic balance, acting at the endocrine level as well as at the paracrine/autocrine level as a 
second messenger.
8.4 Considerations for larval rearing
The experiments described in chapters 2 and 3 confirmed that metamorphosing larvae (20-30 
DPH) were particularly sensitive to handling. This was also the development stage at which 
ArA enrichment was most beneficial and substantially improved survival and enhanced 
growth. Metamorphosis involves a wide range of physiological and morphological changes, 
and whole-body levels of thyroid hormones, growth hormone, prolactin as well as cortisol 
all increase substantially during this period (Tanaka et al., 1995). In addition, exposure to 
exogenous cortisol and thyroid hormone stimulated development and metamorphosis of 
larvae of several species, improved growth and enhanced osmoregulation (Reddy and Lam, 
1992; Huang et al., 1996; Huang et al., 1998; Lin et al., 1999; Solbakken et al., 1999; Perez et al., 
1999; Nayak et al., 2000). It is well known that ArA alters the release of cortisol, growth
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hormone, thyroid hormones, as well as prolactin in mammals. For instance, ArA enhanced 
the release of GH and prolactin from the pituitary of rats via cyclooxygenase and 
lipoxygenase metabolites that control the paracrine or autocrine signal transduction that 
releases GH from pituitary cells (Bihoreau et al., 1990; Wandscheer et al., 1990; Coleman and 
Sartin, 1996). Fish might share a strong similarity in this respect, as indicated by the altered 
release of prolactin and thyroid hormone release in tilapia described in chapters 5 and 6. Bell 
and Sargent (2003) suggested that the occasionally observed growth-promoting effect of ArA 
in marine fish larvae could be due to the involvement of prostaglandins in muscle protein 
synthesis and degradation (reviewed by Thompson and Palmer, 1998). However, GH has a 
direct effect on growing tissues in early stages of development and GH cells were detected in 
gilthead seabream larvae 2 days after hatching and GH receptors were found in 5-day old 
seabream (Perez-Sanchez and Le Bail, 1999; Villaplana et al., 2000). Hence, the enhanced 
growth of ArA-supplemented seabream larvae in chapter 3 might very well be caused by a 
positive effect of ArA on the release of GH.
It is relatively easy to use enrichment preparations with elevated levels of ArA in the 
enrichment protocols of the zooplankton fed to fish larvae during the hatchery period (Harel 
et al., 2002). It is a prerequisite that ArA supplementation is offered in the presence of 
sufficient levels of the other essential fatty acids EPA and DHA (Bessonart et al., 1999). It 
may be most practical to elevate levels of ArA in the live food during unavoidable periods of 
stress in larviculture such as grading and tank transfer. On the other hand, it is worthwhile 
noting that the effect of the dietary level of ArA is species and possibly developmental stage 
specific and that over supplementation of ArA can have adverse affects. For instance, a high 
level of ArA during chronic osmotic stress enhanced the mortality of seabream larvae as 
described in chapter 2. Nevertheless, it should be noted that this effect of ArA might be 
interpreted as the result of a specific response to an osmotic stressor rather than of the 
chronic nature of the treatment in that experiment, though this requires a more detailed 
investigation.
8.5 Considerations for post-larval rearing: fish oil replacement
Dietary ArA is clearly essential for larval stages of (marine) species lacking the appropriate 
enzymes to produce ArA from its precursor (Bell et al., 1995a; Sargent et al., 1997). Although 
the rapidly developing larvae will have higher requirements for polyunsaturated fatty acids, 
it seems logical that older stages will need ArA as well, though possibly in lower amounts. 
Hence, the importance of ArA for older stages should not be underestimated.
Over the years, the amounts of fish oils in formulated diets for fish have been reduced 
as more knowledge on the requirements became available. Nevertheless, the use of fishery 
products for aquaculture feeds still adds pressure to the already threatened world fish stocks 
and the predicted expansion of aquaculture industry will almost unavoidably lead to serious 
problems if no sustainable sources for fish feeds are developed as alternatives (Williams,
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1998; Naylor et al., 2000; Watson and Pauly, 2001; Pauly et al., 2002). Vegetable oils such as 
sunflower, linseed, rapeseed, palm, and soybean oils, appear suitable candidates to replace 
the fish products as a source of fatty acids in commercial fish feeds, particularly for 
freshwater or herbivorous species. However, these oils are generally very rich in oleic acid 
(18:1n-9) and/or linoleic acid (18:2n-6), and contain no C20 and C22 PUFA (Bell, 1998). The 
lack of C20 and C22 PUFA combined with the low fatty acid elongation and desaturation 
activities of carnivorous/marine species will result in reduced tissue levels of ArA, EPA, and 
DHA. Unfortunately, studies that addressed the replacement of fish oil with vegetable oils 
often ignored the possible health effects for the fish or consumers, and primarily 
concentrated on growth performance and feed efficiency (see for example Maina et al., 2003; 
Regost et al., 2003).
A reduced intake of dietary ArA can result in an increased stress response as was 
shown for adult gilthead seabream in this thesis (chapter 7). The cortisol response of 
seabream adults was reduced by ~70% by feeding an ArA-supplemented diet, compared to 
the fish fed a diet low in ArA. This reduction of the response to an acute stressor by dietary 
manipulation was just as successful, or even more so, as has been achieved by selective 
breeding for low stress-responding individuals of several fish species (Fevolden et al., 1991; 
Pottinger and Carrick, 2001; Tanck et al., 2001; Fevolden et al., 2002; Rottlant et al., 2003). In 
addition, Trenzado et al. (2003) pointed out that the selective breeding for low cortisol- 
responding individuals also resulted in the co-selection for hereditary traits with potentially 
negative health effects. Therefore it seems easier and economically more attractive to obtain 
fish with a moderate to low stress response by feeding a diet that is well balanced with 
respect to fatty acids than by genetic selection for a low stress response.
Moreover, an increased dietary supply of ArA can improve osmoregulation in tilapia 
adapted to seawater, as well as in marine gilthead seabream (chapters 6 and 7). The changes 
observed by ArA supplementation in tilapia resembled those reported for smoltifying 
salmonids (Bell et al., 1997; Tocher et al., 2000). This suggests that feeding an ArA-rich diet 
prior or during smoltification could assist the salmonids in their adaptation to seawater. 
Hence, providing an increased dietary supply of ArA can also be beneficial for species that 
have the ability to desaturate and elongate linoleic acid into ArA.
Although not studied in this thesis, ArA is essential for a proper functioning of the 
immune response, and both n-3 and n-6 derived eicosanoids are important regulatory factors
[ 8 ]  for the immune system, where a deficiency in ArA can have negative health effects, see for 
instance Rowley et al. (1995) and Harbige (2003). Indeed, studies that included side-effects of 
the (partial) replacement of fish oils by vegetable lipid sources found a reduction of the 
resistance to pathogens (Waagb0 , 1994; Bransden et al., 2003; Montero et al., 2003).
Finally, the high levels of saturated and monounsaturated fatty acids from vegetable 
oils can influence the metabolic rate and oxygen demand of the tissues in fish, although the 
exact mechanisms still remain to be determined (McKenzie, 2001; see also section 8.2). It is
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possible that this can have disadvantageous consequences under aquaculture conditions. 
This topic has not received adequate attention so far.
Feeding fish with vegetable oils for considerable periods of time might also affect the 
quality of the end product, and this can be partially avoided by feeding the fish shortly 
before marketing with feeds containing marine oils with high levels of long chain PUFA. In 
addition, this method might reduce the stress response that is associated with the 
sedation/slaughtering procedure in aquaculture, and which has a negative effect on the flesh 
quality (Skjervold et al., 2001; Morzel et al., 2002; Morzel and Van de Vis, 2003). Feeding fish 
with marine fish oil-based pellets only during the final stage of rearing neglects the impact of 
the nutritional history of the fish on key physiological functions. Marketed fish that endured 
a very long period of stress and high cortisol levels, might have decreased flesh quality and 
reduced market value despite reasonable body levels of long chain n-3 PUFA.
Nevertheless, a reduction of the use of fish oil is possible without affecting the growth 
rate or flesh quality of fish, when the essential PUFA are added from sources other than 
marine fish. Whole cell algal preparations, and oil extracts of fungi from heterotrophic 
culture are stable sources of marine type lipids that are lacking in vegetable oils. However, at 
the moment these additives are still too expensive for extensive use in aquaculture (Harel et 
al., 2002).
8.6 Consequences for human consumption
Many health disorders in humans are linked to an overproduction of the biologically very 
active eicosanoids derived from ArA. Consumption of fish or dietary supplements 
containing fish oil has considerable health benefits, as the n-3 PUFA compete for ArA for 
eicosanoid formation, resulting in the production of less potent eicosanoids (Steffens, 1997; 
Harbige, 2003). In societies with traditionally high fish consumption the occurrence of 
various chronic diseases, including cardiovascular disease, are markedly lower than in 
societies with a western diet. This benefit has been associated with an increased intake of 
DHA and its precursor a-linolenic acid (Arts et al., 2001; Wang et al., 2003). DHA is a vital 
component of cell membranes and together with the other n-3 PUFA it has been reported to 
prevent hypertension, reduce platelet aggregation, lower the risk of coronary artery disease, 
and act as an anti-inflammatory agent (Tapiero et al., 2002; Wang et al., 2003). Other diseases 
for which long chain n-3 PUFA are beneficial are thrombosis, arrhythmia, arthritis, nephritis, 
multiple sclerosis, skin diseases, asthma, and cancer (Lands, 1991; Simopoulos, 1996; 
Steffens, 1997; Iversen and Kragballe, 2000; Tapiero et al., 2002). Moreover, DHA intake has 
also been shown to reduce physiological stress in students studying for their exams 
(Sawazaki et al., 1999). It is evident that the m odern western-type feeding habits 
characterized by a high intake of fat rich in n-6 PUFA, and by a relatively low fish 
consumption, has serious health consequences (Arts et al., 2001; Tapiero et al., 2002).
The addition of ArA to fish feeds to prevent a deficiency in farmed fish seems to imply
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a certain risk of over-consumption for the consumer. However, the stress reducing effects of 
ArA on seabream occurred after a relatively small rise in the total fatty acid content of the 
diet, and the total amounts of ArA present in muscle tissues were still very low. The ArA 
content of the filets of seabream increased only marginally to about 2% of total fatty acids 
after feeding the high ArA diet, compared to a total fatty acid content of 25%, while the DHA 
and EPA levels as well as the overall n-3/n-6 ratio remained unaffected. This is not 
surprising, since the fatty acid composition of fillets is less influenced by the diet than that of 
other organs (Jobling, 2003; Jobling, 2004). Finally, it should be mentioned that the tissue 
levels of ArA in our seabream after the relatively short period of ArA supplementation were 
lower than those found in wild fish. Therefore, the risk of adverse effects of ArA enrichment 
for fish consumers is relatively small when short enrichment protocols are used. It remains to 
be determined what the consequences are of prolonged enrichment with ArA.
8.7 Concluding remarks
The observations presented in this thesis indicate that a short feeding period with a relatively 
minor dietary change in a single fatty acid, ArA, is sufficient to considerably alter 
physiological functions in Mozambique tilapia and gilthead seabream. This is remarkable in 
particular when considering that ArA only makes up a relatively small fraction of the total 
fatty acid content of fish tissues. The two species showed completely opposite responses to a 
stressor after ArA supplementation, while it had a positive effect on the osmoregulatory 
capacity of both species. In addition, the experiments with tilapia and seabream indicate that 
the COX-derived metabolites of ArA play a relatively minor role in the modulation of the 
stressor-induced release of cortisol, despite the general assumption that the main effects of 
ArA in fish are mediated by prostaglandins, PGE2 in particular (see for instance the review 
by Bell and Sargent, 2003). Free ArA and possibly the lipoxygenase and epoxygenase 
metabolites should be considered relevant regulatory factors as well. The results emphasize 
that the balance between dietary polyunsaturated fatty acids is very delicate. Moreover, from 
a practical point of view, the replacement of fish oil in commercial feeds by vegetable lipid 
sources with very low levels of ArA clearly involves potential health and welfare risks for 
farmed marine or carnivorous fish species.
[8 ]
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Table 1. Overview of the effects of confinement, acetylsalicylic add  (ASA), and dietary arachidonic acid (ArA) on adult Mozambique tilapia and gilthead seabream. 
All parameters are plasma values, except the Na+, K+-ATPase, which was determined in branchial tissues. For the freshwater tilapia, the results of the Tow dietary 
intake of ArA refer to chapter 4, while the 'high dietary intake of ArA' refers to chapter 5. Seawater-adapted tilapia refers to the results in chapter 6. The results of 
seabream larvae refer to chapter 3 and gilthead seabream refers to chapter 7.
Low dietary intake of ArA High dietary intake of ArA
Effects of ASA on Changes induced Changes induced Effeds of ArA on Effeds of ASA Changes Changes induced
basal levels by stressor by stressor after basal levels on basal levels induced by by stressor after
ASA stressor ASA
F reshw ater tilapia
Cortisol - + + + no effed + + + +
Glucose no effed + + + no effed no effed + +
Ladate no effed + + + no effed no effed + +
Osmolality no effed + + no effed no effed + +
Sodium no effed + + + no effed no effed + +
Chloride no effed + + no effed no effed + +
Potassium no effed + + no effed no effed + +
Proladin PRL177 no effed no effed +
Proladin PRLiss + no effed no effed
Thyroid hormone T3 - no effed +
Thyroid hormone T4 no effed no effed no effed
Na+, K+-ATPase no effed no effed no effed ” -- - —
Seaw ater-adapted tilapia
Cortisol + + + + +
Glucose + no effed + +
Ladate + + +
Osmolality + no effed +
Sodium + + no effed +
Chloride + + no effed +
Potassium + + -
Na+, K+-ATPase no effed no effed no effect
Oo
Table 1 [Continued]
Low dietary intake of ArA
Effects of ASA on Changes induced Changes induced
basal levels by stressor by stressor after
ASA
Gilthead seabream larvae (air exposure)
Cortisol +
Gilthead seabream larvae (salinity change)
Cortisol -
Sodium no effect
Potassium no effect
Na+, K+-ATPase +
Gilthead seabream
Cortisol no effect + + +
Glucose - + +
Lactate no effect + +
Osmolality no effect + + +
Sodium no effect + +
Chloride no effect + +
Potassium no effect - -
Na+, K+-ATPase no effect + +
High dietary intake of ArA
Effects of ArA on Effects of ASA Changes Changes induced
basal levels on basal levels induced by by stressor after
stressor ASA
no effect + +
no effect 
no effect 
no effect 
no effect
+
no effect
+ +
no effect no effect no effect +
no effect no effect + +
no effect no effect + + +
no effect no effect + + +
no effect no effect + + +
no effect + ++ + +
no effect no effect - -
Table 2. A list of studies performed on the effects of arachidonic add and eicosanoids on the stress response and steroidogenesis. In case no specific eicosanoids 
were identified, the group of produds is mentioned on the basis of the seledive pathway inhibitors used.
Product Effect Target Reference
Arachidonic acid stimulated ACTH release rat pituitary cells (Kolesnick et al., 1984a)
Arachidonic acid stimulated ACTH release rat pituitary cells (Cowell et al., 1991)
Arachidonic acid stimulated cortisol release hagfish (M yxine glutinosa) (Wales, 1988)
Arachidonic acid stimulated ACTH-induced steroidogenesis bovine adrenal fasciculata 
reticularis cells
(Yamazaki et al., 2001)
Cyclooxygenase products enhanced CRF release; 
restrained pituitary ACTH release; 
stimulated steroidogenesis
humans (Cavagnini et al., 1979)
Cyclooxygenase products inhibited ACTH release; 
inhibited |3-endorphin release
rat anterior pituitary quarters (Vlaskovska and Knepel, 1984)
Cyclooxygenase products inhibited ACTH release rat pituitary (Won and Orth, 1994)
Cyclooxygenase products stimulated ACTH induced cortisol release bovine adrenal fasciculata cells (Wang et al., 2000)
Lipoxygenase products stimulated ACTH release; 
stimulated |3-endorphin release
rat anterior pituitary quarters (Vlaskovska and Knepel, 1984)
Lipoxygenase products stimulated ACTH release rat pituitary (Won and Orth, 1994)
Lipoxygenase products inhibited ACTH-induced corticosterone 
production
rat adrenal glands (Jones et al., 1987)
Lipoxygenase products stimulated ACTH-induced cortisol release bovine adrenal fasciculata cells (Wang et al., 2000)
Epoxygenase products stimulated ACTH release rat pituitary (Won and Orth, 1994)
Table 2. [Continued]
Product Effect Target Reference
Leukotrienes stimulated ACTH-induced steroidogenesis rat adrenal zona glomerulosa or 
fasciculata cells
(Solano et al., 1987)
PGE2 stimulated cortisol release hagfish (M. glutinosa) (Wales, 1988)
LTA4, 5-HETE, 15-HPETE inhibited ACTH-induced corticosterone 
production
rat adrenal glands (Jones et al., 1987)
12-HETE, LTB4, LTC4, LTE4 had no effect on ACTH-induced corticosterone rat adrenal glands 
production
(Jones et al., 1987)
PAF, PGF2«, TXA2, LTB4,
l t c 4
had no effect on ACTH release rat pituitary cells (Cowell et al., 1991)
PGF2a reduced CRF-induced ACTH release rat pituitary cells (Cowell et al., 1991)
12(S)-HETE stimulated ACTH release rat pituitary (Won and Orth, 1994)
5-HPETE stimulated ACTH induced corticosteroid 
production
rat adrenocortical cells (Hirai et al., 1985)
5-HETE, 5-HPETE, 15- 
HPETE, 15-HETE
stimulated cholesterol side-chain cleavage 
(steroid synthesis)
bovine adrenal fasciculata cells (Nishikawa et al., 1994)
15-HETE stimulated ACTH induced steroidogenesis bovine adrenal fasciculata 
reticularis cells
(Yamazaki et al., 2001)

SASHIMI II
r way of preparing fish for sashimi, in which the skin sid 
oked.
;ts of fish that are not too thick. Sea bream for instance 
lid and meaty. Sea bass would be a good alternative.
fillets, l ------------------------------------------------- illet leng
;m on a It the bo
of water to the boil and po r it slowly over the fish an 
; in cold the skii
References
ith shre< ce mixec
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;auce for------------------------------------------------- ■ x togeth
' tablespoons shoyu (Japanese soy sauce) 
tablespoons rice vinegar or white wine vinegar 
tablespoon fresh peeled ginger, grated
SEA BREAM BAKED IN SALT
ito which the sea bream, or other fish, fits with about 3 c 
md. Line with heavy or doubled foil. Put 3 cm (1V2 inche, 
the fish in the pot and pour enough salt to bury it compl 
rer on top. Put in a preheated oven, gas 8-9, 230-240 o< 
0 minutes for a larger mackerel, or other fish weighing 5 
it on to large backing sheet. Tap it carefully with a ham 
:ve.
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PEBBLE ROASTED FISH (Horoku-yaki)
tractive and healthy way of cooking fish. I would sugges 
first with some cheaper fish than sea bream, to see
st of all to your equipment. You need a large shallow pi
l^^  ^ desi gn fille d w t n th a ti ght la ^ Ter of  ^well w t t^ is ^ e^d p e^ ^^
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Summ ary/Sam envatting
Serves (
3 seabr------------------------------------------------- ■, scaled
sea salt
6 huge prawns or langoustines
12 large mussels, scrubbed, scraped
12 fresh shiitake, stems removed or other mushrooms
SAUCE
3 tablespoons lemon juice
3 tablespoons soy sauce
3 tablespoons dashi or chicken broth
8-cm (3-inch) piece white radish, peeled, shredded hair
10-cm (4-inch) length Welsh or spring onion, sliced
t been cleaned by the fishmonger, remove the innards o1 
made to one side. On the same side, slash the fish thr< 
prinkle 2 teaspoons of salt over them and leave at least 3
Summary
For the production of healthy fish for hum an consumption it is important to know the 
optimal composition of the fish diets. This thesis aims to clarify the role played by the highly 
unsaturated fatty acid arachidonic acid (ArA) in fish, particularly in relation to the stress 
response and osmoregulation. A comparison was m ade between two species: Mozambique 
tilapia (Oreochromis mossambicus), a freshwater species that is able to fulfil its requirement for 
ArA by synthesising it from a precursor, and gilthead seabream (Sparus aurata), a seawater 
species that depends on the diet to supply this fatty acid. In chapter 1 an overview is 
presented of the current knowledge of the functions of polyunsaturated fatty acids and their 
m ain metabolites, which include the group of prostaglandins.
In chapter 2, metamorphosing and post-metamorphosing gilthead seabream larvae 
(Sparus aurata) were fed rotifers and, at later stages, A rtem ia  metanauplii enriched with 
increasing levels of ArA. One group of larvae was maintained at a constant salinity (25% 
seawater) and were only subjected to the transfer from large rearing tanks to aquaria (acute 
stress) and functioned as controls. The others were exposed to a daily fluctuating salinity 
(25% to 40% and back to 25%) for 12 days to induce chronic osmotic stress. Dietary ArA 
improved survival in both the pre-metamorphosing and metamorphosing larvae, but only in 
those larvae that were maintained at constant salinity. In combination with fluctuating 
salinity the highest ArA-level was detrimental and reduced survival. Furthermore, these 
larvae exhibited elevated cortisol levels and a lower SGR at the end of the experiment.
The stress associated with the transfer and handling, to which the control larvae were 
subjected in the previous chapter, was acute and transient. In contrast, the fluctuating 
salinity was not only chronic but also a different type of stressor. Hence, in chapter 3 a more 
detailed comparison is m ade between the effects of ArA on the response to these two 
different types of stressors of seabream larvae. This time, the larvae were exposed to air for 
90 seconds, while another group was exposed to a single decrease from 42% ambient 
salinity to 25% over 1 h. ArA reduced the cortisol response after air-exposure in both 28- 
and 50-day old larvae, confirming that ArA enrichment reduced the response to an acute 
stressor. Although the change in salinity did not initiate a strong cortisol response compared 
to air-exposure, ArA enrichment still affected this response. After 24 hours the cortisol 
content of the larvae fed a low level of ArA had dropped to below basal levels, whereas the 
ArA-supplemented larvae responded to the salinity decrease with a decrease, followed by a 
return to basal levels. Interestingly, the Na+, K+-ATPase activity, an important enzyme for 
maintaining the osmoregulatory balance, decreased in the low ArA larvae after 24 hours, 
while it remained elevated in the high ArA larvae. This coincided with the osmoregulatory 
role of cortisol. These results suggest that ArA can be involved in the regulation of cortisol 
synthesis in a divergent way, depending on the type of stressor.
To distinguish the effects of ArA from those m ediated by its m ain metabolites, the 
prostaglandins, the application of acetyl salicylic acid (ASA) was investigated in chapter 4. 
ASA is a specific inhibitor of the cyclooxygenase (COX) enzymes that convert ArA into 
prostaglandins. By feeding ASA to freshwater Mozambique tilapia (Oreochromis mossambicus) 
before they were subjected to a short-term stressor, 5 minutes of net-confinement, the
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involvement of prostaglandins in the release of several hormones and the stress response 
was determined. A dietary dose of 100 m g ASA/kg body weight was sufficient to reduce the 
plasma levels of the main prostaglandin, PGE2. In addition, basal plasma 3,5,3'- 
triiodothyronine (T3) was reduced by ASA treatment, while prolactin (PRL)188 levels 
increased. ASA feeding also lowered the cortisol response to net confinement and blunted 
both the glucose and lactate responses. This suggested that prostagladins were indeed 
involved in the release of these hormones. The inhibition of the cortisol response to acute 
also suggested that prostaglandins had a cortisol-releasing effect in tilapia.
The next hypothesis to be tested was, whether dietary supplementation with ArA 
enhanced the production of prostaglandins, resulting in a stronger cortisol response to an 
acute stressor in tilapia. In chapter 5, tilapia were fed a diet enriched with ArA, after which 
they were subjected to 5 minutes of net confinement. ASA was used to test whether blocking 
the conversion into prostaglandins would counteract the effects of ArA supplementation. 
ArA supplementation slightly elevated the cortisol levels, and this effect was further 
enhanced by the subsequent ASA treatment. Neither ArA supplementation nor ASA 
treatment affected the stress associated increase in plasma glucose and lactate levels. The 
combination of ArA and ASA resulted in elevated levels of basal PRL177 and T3 levels. In 
addition, ArA supplementation affected the osmoregulation, indicated by a reduction of the 
branchial Na+, K+-ATPase activity, which was further suppressed by subsequent ASA 
administration. This was apparently compensated for, as the renal Na+, K+-ATPase activity 
increased after ArA supplementation and plasma osmolality and ion levels were not 
affected. In vitro, ArA was a potent inhibitor of the Na+, K+-ATPase of gill and kidney 
homogenates. PGE2 had a similar inhibiting effect on the renal ATPase activity in  vitro , but 
not on the branchial ATPase activity. It appeared that blocking the conversion of ArA into 
prostaglandins with ASA augmented many of the effects of ArA, instead of reducing them. 
This argues against the assumption that ArA m ediated its effects mainly by acting as a 
precursor for prostaglandins. Alternatively, blocking the conversion of ArA might have 
enhanced intracellular levels of free ArA that was released during stress. The ASA treatment 
might therefore have revealed effects that were mediated by ArA itself or by metabolites 
other than prostaglandins.
In chapter 6 the involvement of ArA in the osmoregulation of tilapia was further 
investigated. Prior to supplementation with ArA, they were adapted to seawater to test 
whether ArA supplementation enhanced the osmoregulatory capacity and enabled tilapia to 
maintain its osmotic balance after an acute stressor. Secondly, this would clarify whether the 
observed effects of ArA in tilapia depended on the ambient salinity, allowing a comparison 
with the effects of ArA in seabream. ArA-supplemented SW adapted tilapia exhibited higher 
basal plasma cortisol levels than fish fed the control diet with a low ArA content. While 
plasma cortisol levels returned to basal within 30 m in after confinement in the controls, 
cortisol levels remained elevated in the ArA-fed fish for 24 h. ArA-supplementation also 
resulted in elevated basal levels of plasma lactate, though the response to confinement was 
not affected. On the other hand, the plasma glucose response was significantly higher in the 
ArA-fed tilapia than in the controls. As the ArA-supplemented SW-tilapia showed markedly
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lower ionic disturbances after confinement, this suggested that ArA could be beneficial 
during SW adaptation by reducing the osmoregulatory disturbances associated with stress. 
These changes induced by ArA suplemtentation also resemble the natural physiological 
changes observed in salmonids during their seaward migration.
In chapter 7, the obtained knowledge of ASA administration was used to study the 
effects of ArA supplementation on gilthead seabream (Sparus aurata), a species not able to 
produce ArA from its precursor. Similar to the experiments with tilapia, ASA was used to 
determine the involvement of prostaglandins in the stress response and osmoregulation. 
ArA supplementation strongly reduced the cortisol response to confinement, similar to what 
was observed in the seabream larvae in chapter 3, and subsequent ASA treatment appeared 
to work antagonistically. Moreover, ArA enhanced the branchial Na+, K+-ATPase activity, 
which was not counteracted by ASA. In contrast, the addition of ArA in vitro inhibited the 
Na+, K+-ATPase activity of gill tissue, which was very similar to what was found in tilapia in 
chapter 5. This study confirmed that many of the effects of ArA-supplementation were not 
mediated via the conversion into prostaglandins, but could be attributed to the activity of 
free ArA or alternative metabolites. The consequences of feeding a diet lacking this fatty acid 
to marine species, such as seabream, for a prolonged period of time should definitely be 
studied.
In chapter 8 the findings are summarized and discussed in a general context. First of 
all, it became clear that the levels of ArA and other polyunsaturated fatty acids underwent 
rapid changes in organs such as gills and kidneys. The results also pointed out that the 
effects of supplementation with ArA were in most cases not caused by an enhanced 
production of ArA-derived prostaglandins. In both species it seems likely that ASA 
enhanced the intracellular levels of free ArA and/or redirected more ArA to the epoxygenase 
and lipoxygenase pathways, yielding metabolites other than prostaglandins. It remains to be 
determined if the opposite responses to a stressor of tilapia and seabream were caused by 
different dietary requirements. Nevertheless, ArA had a positive effect on the 
osmoregulatory capacity of both species. The results also emphasize that the balance 
between dietary polyunsaturated fatty acids is very delicate. Fish oil is mostly used in 
commercial feeds as a source of lipids, but it is slowly being replaced by vegetable oils, 
containing no ArA. The long-term health consequences of feeding low levels of ArA should 
be studied, particularly in farmed marine or carnivorous fish species that depend on dietary 
input of ArA. In those species, a low intake of ArA might lead to elevated levels of cortisol, 
which have been associated, among others, with reduced growth and higher susceptibility 
for diseases.
160
Samenvatting
Het is van groot belang om gezonde vissen te kunnen kweken voor menselijke consumptie 
om de juiste samenstelling van het visvoer te bepalen. Naast de juiste hoeveelheden 
vitaminen, mineralen, aminozuren en eiwitten moet het ook de juiste vetten en vetzuren 
bevatten. Arachidonzuur (ArA) is een meervoudig onverzadigd vetzuur dat een essentiële 
rol speelt in the fysiologie van zowel vissen als mensen. Het in dit proefschrift beschreven 
onderzoek was gericht op het krijgen van meer inzicht in de precieze rol die ArA speelt in 
vissen bij hun reactie op stress en de osmoregulatie. Hiervoor is een vergelijking gemaakt 
tussen een soort uit zoet water, tilapia (Oreochromis mossambicus), en de zeevis zeebrasem 
(Sparus aurata). Deze vissen verschillen sterk in hun behoefte aan ArA: tilapia is in staat dit 
vetzuur zelf aan te maken, terwijl zeebrasem vrijwel volledig afhankelijk is van ArA dat 
aanwezig is in het voedsel. In hoofdstuk 1 wordt een overzicht gegeven van de huidige 
kennis van ArA en de omzettingsproducten van dit vetzuur.
Hoofdstuk 2 laat zien welke effecten het toevoegen van ArA aan het levend voer heeft 
op de larven van zeebrasem. Twee ontwikkelingsstadia zijn daarbij vergeleken: het stadium 
van metamorfose en het stadium daarna. Het toevoegen van ArA verlaagde de sterfte na het 
hanteren en overplaatsen van de larven van de kweekbakken naar aquaria. Maar wanneer 
het zoutgehalte van het water dagelijks (gedurende 12 dagen) werd veranderd van 25% 
naar 40% en weer terug naar 25% bleek juist dat het hoogste niveau van ArA nadelig was 
en nam de sterfte toe. Deze larven hadden ook een lagere groeisnelheid en de sterfte was 
toegenomen. Ook hadden ze verhoogde waarden van het stresshormoon cortisol. Wanneer 
ArA wordt gevoerd vóór een acute stressor, dan werkte het positief, maar in combinatie met 
langdurige stress blijkt een (te) hoog niveau van ArA nadelig te zijn.
Het dagelijks veranderen van het zoutgehalte was niet alleen een langdurige stressor 
voor de larven, maar het was ook een ander type stressor dan het hanteren en overplaatsen. 
Daarom werd in hoofdstuk 3 gekeken of het effect van ArA op de larven van zeebrasem 
afhankelijk was van het type stressor. Een deel van de larven werd voor korte duur aan lucht 
blootgesteld en in de aquaria van de overige larven werd het zoutgehalte van het water 
binnen een uur verlaagd van 40% naar 25%. Zowel larven van 28 als van 50 dagen oud 
reageerden veel minder sterk op blootstelling aan lucht als ze eerst levend voer hadden 
gekregen waaraan ArA was toegevoegd. De verlaging van het zoutgehalte zorgde voor een 
veel minder sterke reactie, maar ook hier was ArA van invloed. De larven die geen ArA 
hadden gekregen hadden na 24 uur een lager cortisolgehalte dan voor de verandering van 
het zoutgehalte. Dit terwijl de larven die wel ArA hadden gekregen in eerste instantie een 
daling lieten zien in cortisol, maar die werd gevolgd door een toename tot de 
oorspronkelijke waarde. Opmerkelijk was ook het verschil in de activiteit van een van de 
belangrijke enzymen betrokken bij de handhaving van het interne zoutgehalte, Na+, K+- 
ATPase. In de larven zonder extra ArA was de activiteit van dit enzym 2 uur na de 
verandering van het zoutgehalte gestegen, maar was na 24 h  gedaald tot beneden de 
oorspronkelijke waarde. De larven die wel ArA hadden gekregen lieten na 24 h  nog steeds 
een verhoogde activiteit van Na+, K+-ATPase zien. Dit verschil in de enzymactiviteit kwam 
overeen met het verschil in cortisolproductie. Het is bekend dat cortisol de Na+, K+-ATPase
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activiteit stimuleert. ArA lijkt dus de productie van cortisol verschillend te beïnvloeden, 
afhankelijk van het type stressor.
In hoofdstuk 4 is gekeken of de effecten van ArA te onderscheiden waren van de 
belangrijkste omzettingsproducten, de prostaglandines. Hierbij is gebruik gemaakt van 
acetylsalicylzuur ('acetylsalicylic acid', ASA), de werkzame stof in aspirine. ASA is namelijk 
een specifieke remmer van de cyclooxygenase enzymen, die ArA omzetten in 
prostaglandines. Voordat tilapia (Oreochromis mossambicus) werden blootgesteld aan een 
acute stressor (5 minuten in een schepnet onder water) werden ze behandeld met ASA. Een 
dosis van 100 mg/kg lichaamsgewicht bleek voldoende om het niveau van PGE2, de 
belangrijkste prostaglandine, in het bloed te laten dalen. De behandeling met ASA zorgde 
ook voor een daling van het schildklierhormoon 3,5,3'-triiodothyronine (T3) en een stijging 
van prolactine (PRL)188 in het bloed. De dosis van 100 mg/kg verlaagde ook de cortisolreactie 
op de acute stressor en de glucose- en lactaatwaarden na de stressor waren minder hoog dan 
in de controle-vissen. De remming van de cortisolproductie door behandeling met ASA 
suggereert dat de prostaglandines een stimulerende werking hebben op de productie van 
cortisol in tilapia.
De volgende vraag was dus of de toevoeging van ArA aan het voedsel inderdaad 
leidde tot een hogere productie van prostaglandines, en dus tot een sterkere stressreactie. In 
hoofdstuk 5 kregen de tilapia speciaal voer met extra ArA, waarna ze werden blootgesteld 
aan dezelfde stressvolle behandeling als in hoofdstuk 4. Daarnaast kreeg een deel van de 
tilapia een behandeling met ASA om te kijken of de effecten van ArA konden worden 
verminderd door de omzetting naar prostaglandines te blokkeren. De tilapia die ArA 
hadden gekregen hadden iets hogere cortisolwaarden dan de controle-vissen en dit effect 
werd juist versterkt door ASA te geven. De veranderingen in de lactaat- en glucosewaarden 
in het bloed na de stressor werden niet beïnvloed door de toevoeging van ArA, noch door de 
behandeling met ASA. De vissen die zowel ArA als ASA hadden gekregen hadden wel 
verhoogde waarden van PRL177 and T3 in het bloed. Het voeren van ArA had eveneens een 
remmend effect op de Na+, K+-ATPase activiteit in de kieuwen, wat werd versterkt door de 
daaropvolgende behandeling met ASA. Tegelijkertijd nam de ATPase activiteit in de nieren 
toe, wat de gedaalde opname van zouten via de kieuwen leek te compenseren. Deze 
resultaten gaven aan dat het blokkeren van de omzetting van ArA in prostaglandines met 
ASA veel van de effecten van ArA versterkte in plaats van verminderde. Het was daarom 
niet waarschijnlijk dat de effecten van ArA werden veroorzaakt door een toegenomen 
productie van prostaglandines. Mogelijk zorgde de blokkering van de cyclooxygenases door 
ASA ervoor dat ArA werd omgezet in andere metabolieten met een andere werking dan 
prostaglandines. Daarnaast is het denkbaar dat ArA, vrijgemaakt tijdens stress, zich 
ophoopte in de cellen wanneer de omzetting werd geblokkeerd door ASA, waardoor de 
effecten van ArA werden verstrekt.
Uit de voorgaande hoofdstukken bleek dat ArA van invloed was op de enzymen die 
voor de zoutbalans zorgen in zowel zeebrasem als tilapia. In hoofdstuk 6 werd daarom 
gekeken naar het effect van ArA op tilapia die zich eerst hadden aangepast aan zout water. 
Nadat de tilapia waren gevoerd met extra ArA werden ze blootgesteld aan een acute stressor
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(5 m inuten in een schepnet) en werd de verstoring van hun zoutbalans bepaald, net als in 
hoofdstuk 5. Dit zou ook duidelijkheid geven in hoeverre de gevonden verschillen tussen 
zeebrasem en tilapia werden veroorzaakt door het zoutgehalte van het water. De toevoeging 
van ArA aan het voer zorgde voor sterk verhoogde cortisolwaarden vergeleken met vissen 
die geen ArA via hun voer hadden kregen. Verder verhoogde ArA de basale lactaatwaarden 
en zorgde het voor een sterkere verhoging van glucose na de stressor. De tilapia die ArA 
hadden gekregen lieten een minder sterke verstoring zien van de gehaltes aan zouten in hun 
bloed, wat suggereerde dat ArA een positieve invloed had op de handhaving van de 
osmotische balans in tilapia aangepast aan zout water. De effecten van het toevoegen van 
ArA lijken sterk op de veranderingen die zalmachtigen van nature ondergaan als ze van de 
rivier naar zee migreren.
Larven zijn over het algemeen gevoeliger voor verstoringen dan volwassen vissen en 
daarom werd in hoofdstuk 7 gekeken naar de effecten van ArA in volwassen zeebrasem. 
Hierbij werd opnieuw gebruik gemaakt van ASA om de omzetting van ArA naar 
prostaglandines te blokkeren. De toevoeging van ArA aan het voedsel verminderde, net als 
in de larven in hoofdstuk 3, de cortisolreactie na een acute stressor (5 minuten in een net). 
De behandeling met ASA bleek daarentegen het remmend effect van ArA op de cortisol- 
productie deels op te heffen. Daarnaast verhoogde ArA de Na+, K+-ATPase activiteit in de 
kieuwen. In een aparte test bleek dat ArA in vrije vorm in staat was de Na+, K+-ATPase 
activiteit van kieuwweefsel te remmen wanneer het direct werd toegevoegd aan het test­
medium. Opnieuw blijkt dat de effecten van ArA niet altijd zijn toe te schrijven aan een 
toegenomen productie van prostaglandines. Gezien de effecten van deze relatief kleine 
verandering van één vetzuur is het ook van belang dat er gekeken wordt naar de gevolgen 
op lange termijn van het voeren met (te) weinig ArA in zeewater-soorten als zeebrasem.
Hoofdstuk 8 geeft een overzicht van de resultaten en plaatst ze in een algemene 
context. Allereerst is duidelijk geworden dat in organen als kieuwen en nieren de 
meervoudig onverzadigde vetzuren, inclusief ArA, snelle veranderingen ondergaan na een 
verandering van het aanbod in het voedsel. De experimenten hebben ook aangetoond dat, in 
zowel tilapia als zeebrasem, veel van de effecten van ArA niet direct het gevolg kunnen zijn 
van een toegenomen omzetting naar prostaglandines. De ophoping van ArA in de cellen of 
een toegenomen productie van alternatieve omzettingsproducten zijn mogelijk 
verantwoordelijk voor deze effecten. Mogelijk hebben tilapia en zeebrasem een andere 
behoefte aan ArA, wat zou verklaren waarom in tilapia de toevoeging van ArA de 
stressreactie verhoogde, terwijl dezelfde dosis ArA de reactie juist verlaagde in zeebrasem. 
Niettemin was ArA in beide soorten van positieve invloed op de osmoregulatie. Wat met 
name voren kwam uit deze studies was hoe belangrijk de vetzuursamenstelling van het voer 
is en hoe snel de balans verstoord kan worden. Nu wordt voornamelijk nog visolie gebruikt 
in visvoer als bron van vetten, maar men wil dit liever vervangen door plantaardige oliën, 
die geen ArA bevatten en ook geen andere lange meervoudig onverzadigde vetzuren. Een te 
lage inname van ArA kan bij die soorten leiden tot verhoogde cortisolwaarden, met 
verminderde groei en een verminderde ziekteresistentie tot gevolg.
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